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DIFFUSION OF Nb WITH Cr, Fe, Ni, Mo, AND STAINLESS STEEL 
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Diffusion couples were prepared at about 1100° C 
from pure Nb and several compositions of stainless 
steel and also with each of the components of the steel, 
namely Cr, Fe, Ni, and Mo. Using the electron probe 
microanalyzer to measure the composition across these 
diffusion zones, intermediate phases of stoichiometric 
composition were found for each of the binaries. In 
Nb-Cr diffusion the phases NbCr2 and NbCr7 were 
always present and after long heating times a NbCr 
phase with excess Nb in solid solution was observed 
as well. In Nb-Fe diffusion the intermediate phase 
was NbF ee plus excess Fe in solid solution, but there 
were isolated Nb-rich compounds far out into the 
iron depending on the impurity composition of the 
iron. Nb-Ni couples often melted near 1100° C although 
the eutectic composition is given as 1175° C in some 
of the lterature. Below 1095° C NbNi with excess Nb 
in solid solution was observed, and Nb2Ni precipitated 
in the NbNi matrix on cooling. Above 1095° C, at 
near melting, rapid diffusion led to zones as long as 
1400 microns with NbNig precipitating in an NbNi 
matrix on cooling. Nb and Mo were miscible at all 
compositions and the diffusion coefficient ranged from 
3 to 7 X 10-14 cm2/sec. 

Diffusion of Nb with stainless steel showed a main 
zone of about 40 % Nb, 40 % Fe, 8 % Cr, and 5 % Ni 
(all as weight percent) which was speculated to 
contain a mixture of NbFee, NbCre, and NbNi. A 
small region near the Nb side of the diffusion zone 
was speculated to contain a mixture of NbFes, NbCr, 
and NbeNi. 


Des couples de diffusion ont été préparés a 1100° C 
environ & partir de Nb pur et d’aciers inoxydables de 
différentes compositions ainsi qu’avec chacun des 


| _ composants de l’acier, c’est-a-dire Cr, Fe, Ni, Mo. En 


déterminant la composition des zones de diffusion a 
Vaide d’un microanalyseur a sonde électronique, on a 
trouvé des phases intermédiaires de composition 
stoéchiométrique pour chaque alliage binaire. Dans 
étude de diffusion Nb-Cr on a toujours noté la 
présence des phases NbCrz et NbCr7 et aprés un long 
chauffage on a aussi observé la présence de la phase 
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NbCr avec un excés de Nb en solution solide. Dans le 
cas de la diffusion Nb-Fe, la phase intermédiaire était 
NbFez avec un excés de Fe en solution solide, mais on 
a remarqué la présence de composés isolés, riches en 
Nb loin de V’interface de diffusion dans la phase riche 
en fer, en raison de l’existence d’impuretés dans le fer. 

Les couples Nb-Ni ont souvent fondu prés de 
1100° C bien que diverses publications citent 1175°C 
comme température de leutectique. Au dessous de 
1095° C on a observé la phase NbNi avec un excés 
de Nb en solution solide et Nbz2Ni précipité dans la 
matrice de NbNi par refroidissement. Au-dessus de 
1095° C, presque a la fusion, une diffusion rapide 
conduit & des zones ayant jusqu’a 1400 microns de 
large avec précipitation, au refroidissement de NbNiz 
dans une matrice de NbNi. Nb et Mo sont miscibles 
en toute proportion avec un coefficient de diffusion 
variant de 3 a 7 x 10-14 cm2/sec. 

Par diffusion de Nb dans l’acier inoxydable, on a 
obtenu une zone principale titrant environ 40 % Nb, 
40 % Fe, 8 % Cr et 5 % Ni (tous en poids %), com- 
position qui correspondrait a un mélange de NbFez, 
NbCr2 et NbNi. Une petite rézion, prés du cété 
riche en Nb de la zone de diffusion, pourrait contenir 
un mélange de NbFes, NbCr et NbeNi. 


Es wurden Diffusionsproben aus reinem Niob und 
rostfreiem Stahl verschiedener Zusammensetzung, 
sowie aus Niob und den einzelnen Legierungselementen 
des Stahls, naémlich Cr, Fr, Ni und Mo, bei etwa 
1100° C gegliht. In der Diffusionszone wurde die 
Zusammensetzung mit einem Mikro-R6ntgenfluores- 
zenz-Analysator ermittelt. In allen binéren Kombi- 
nationen wurden dabei intermetallische Phasen stéch- 
iometrischer Zusammensetzung gefunden. Bei den 
Nb-Cr-Proben wurden die Phasen NbCre und NbCrz 
stets beobachtet. Zudem war nach langer Glihzeit 
eine NbCr-Phase mit Uberschtissigem Niob in fester 
Lésung festzustellen. Bei Nb-Fe trat als intermetalli- 
sche Phase NbFez mit einem gelosten EisentiberschuB 
auf. AuBerdem reichten, abhingig vom Verunreini- 
gungsgrad des Hisens, niobreiche Verbindungen als 
heterogene Geftigebestandteile weit in das Eisen 
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hinein. Die Nb-Ni-Proben schmolzen oft bei 1100° C 
an, obgleich die eutektische Temperatur in einigen 
Literaturstellen mit 1175° C angegeben wird. Unter- 
halb 1095° C wurde NbNi mit tiberschiissig gelostem 
Niob beobachtet. Beim Abkiihlen schied sich Nbz2Ni 
in der NbNi-Matrix aus. Oberhalb 1095° C, d.h. knapp 
unter der Temperatur beginnenden Schmelzens, fihrt 
eine rasch ablaufende Diffusion zu Bereichen von 
1400 w Lange, in denen nach dem Abktihlen NbNis 
in einer NbNi-Matrix ausgeschieden war. Nb und Mo 


1. Introduction 


Niobium is of current interest as a container 
for liquid-metal heat exchangers because of its 
low nuclear cross section and relatively small 
mass-transfer, However, its oxidation at elevated 
temperature necessitates protective cladding, 
usually with stainless steel. This leads to 
problems of intermetallic diffusion because there 
is often cracking between the niobium and the 
cladding material. It was thought that a study 
of the binary diffusion of niobium with the com- 
ponents of stainless steel (Cr, Fe, Ni, Mo) might 
yield results that would be useful in predicting 
alloy reactions and designing better alloys for 
bonding to niobium. This report covers a 
preliminary study of the binary diffusion 
couples and of the diffusion of niobium with 
three different compositions of stainless steel. 

The analytical tool that has made these rapid 
and extensive diffusion studies feasible is the 
electron probe microanalyzer 1). In the electron 
probe, a fine beam of electrons generates charac- 
teristic X-rays from the elements contained in 
a one-micron-diameter area on the specimen 
surface. By scanning the polished cross-section 
of a diffusion zone and relating X-ray intensity 
to composition, the complete and continuous 
composition curve is obtained in a single 
operation. This replaces the lengthy wet chemi- 
cal or radioactive tracer analysis of individual 
layers physically removed from a diffusion zone. 
There are two other advantages in using the 
electron probe: First, the one-micron area of 
examination means that shorter diffusion zones 
may be measured than was previously possible 
and thus shorter specimen diffusion times are 
satisfactory. Second, any variations parallel to 
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sind vollstaéndig mischbar. Der Diffusionskoeffizient 
andert sich im Bereich von 3 bis 7 X 10-14 cm?/sec. 

Bei der Diffusion zwischen Niob und rostfreiem 
Stahl entstand ein ausgeprigter Bereich mit etwa 
40 Gew. % Nb, 40 Gew. % Fe, 8 Gew. % Cr und 
5 Gew. % Ni; hiervon wird angenommen, dai er aus 
einem Gemisch von NbFe2, NbCrz und NbNi besteht. 
Eine daran auf der Nb-Seite angrenzende Zone dirfte 
wohl eine Mischung von NbFez, NbCr und Nb2Ni 
enthalten. 


the diffusion zone are as easily measured as 
those across the zone. Both of these advantages 
are important in studying the interactions with 
Nb because the diffusion zones are only 10-50 
microns deep after several days at 1100°C, 
and there is often phase precipitation during 
cooling to room temperature so that the diffu- 
sion zone is made up of a slowly varying matrix 
containing isolated precipitates of rather dif- 
ferent compositions. 


2. Specimen Preparation 


All the metals used were the purest obtainable 
and at least 0.15 cm (1/16 inch) thick except Cr; 
this was a 127 uw (0.005 inch) film prepared by 
electroplating on polished copper and then 
removing the copper with acid. Several one- 
quarter-inch squares were cut from each material 
and polished metallographically on one face (the 
Cr was smooth enough without polishing). To 
prepare a diffusion specimen, a piece of Nb and 
a piece of the other metal were placed with the 
polished faces together and spot welded lightly 
under helium. For the Nb-Cr couples it was 
necessary to spot weld the 127 uw (0.005 inch) 
Cr film between two polished pieces of Nb. 

Heating and diffusion was accomplished in 
vacuum in a small tungsten-wound quartz tube. 
Vacuum was maintained at less than 510-5 
mm Hg and temperature was held to + 5° C 
with a Leeds and Northrup controller using a 
Pt/Pt, 13° Rh thermocouple spot welded 
directly to the specimen. At the end of the 
desired diffusion time, the specimen was cooled 
quickly to near room temperature by quenching 
with helium, then removed, mounted immedi- 
ately in Bakelite, and sectioned across the 
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diffusion zone well away from the outer edge. 
Metallographic polishing of the cross section 
usually showed the boundary and extent of the 
diffusion zone under the microscope even without 
etching. When first examined, most of the 
diffusion zones were continuous although some 
of them, especially Nb-Ni, cracked within a 
day or two. The polished sections were left 
intact in the Bakelite for measurement by the 
electron probe. 


3. Electron Probe Measurements 


Electrons of 25-keV energy were used for all 
the measurements and were focused to a beam 
of 1-2 microns diameter with a two-lens electron 
optics system. Characteristic X-rays from the 
specimen were passed through the beryllium 
window of the vacuum electron-probe instru- 
ment to the X-ray spectrometers in air. Curved 
lithium fluoride analyzing crystals of either 
20- of 40-cm radius of curvature were used with 
argon or krypton Geiger counters and standard 
amplifier, scaler, and recorder circuits. 

In the NRL electron probe ?) a number of 
X-ray channels may be used simultaneously to 
record the characteristic X-rays from several 
different elements. Thus, in the measurement 
of Nb-stainless-steel diffusion, the Nb, Fe, Ni, 
and Cr X-ray intensities are all recorded continu- 
ously as the electron beam scans the diffusion 
zone. Interpretation in the neighborhood of 
voids or segregations is simplified because there 
is no question that corresponding positions on 
the intensity records for the several elements 
represent exactly the same spot on the specimen. 
Continuous scanning of the specimen is accom- 
plished by motor-driven translation of the 
specimen at 15, 5, or 2 microns per minute, or 
by manual translation at faster or slower speeds. 
It may also be accomplished by electrostatically 
deflecting the electron beam to sweep across 
the fixed specimen; beam deflection does not 
suffer from the backlash of mechanical scanning 
and allows finer positioning although the total 
length of scanning is limited to about 25 microns. 

The relation of X-ray intensity to percent 
composition is not strictly linear in electron 
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probe measurements because of matrix absorp- 
tion and enhancement of the characteristic 
spectra. When possible, standards of known 
composition are used in preparing calibration 
curves for quantitative analysis. There were no 
good Nb-alloy standards available, however, 
and it was necessary to resort to an approxi- 
mation based on results from a _ previously 
measured system, Zr-Ti. Niobium, being the 
neighboring element was assumed to have 
similar wavelength and absorption properties 
to Zr. Chromium, iron, and nickel are not too 
far removed from Ti and their intensities were 
corrected by assuming their variation from 
linearity, as compared with that of Ti, was 
related by the ratio of exponentials 


ef ortie Se Vette. 


where fg, is the absorption coefficient of Nb 
for CrKa and wu, is the coefficient of Nb for 
Tika. These approximations led to the cali- 
bration curves shown in fig. 1 and used through- 
out this report. 


4. Results 


In general, the diffusion of Nb with the 
components of stainless steel (except Mo) led to 
hard, brittle intermediate phases and often to 
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physical voids or cracking. The exact causes of 
the voids and cracks have not been determined 
but may be related to Kirkendall type voiding, 
physical strain introduced during cooling, in- 
compatibility of lattice structures or combina- 
tions of these effects. Although diffusion couples 
cannot be considered in true equilibrium, the 
phases formed are often in good agreement with 
the equilibrium phase diagrams ®). Since a 
continuous range of composition exists from 
zero to 100 percent, the information is often 
more complete than that obtained by the usual 
phase diagram techniques. For instance, in the 
case of Nb-Ni discussed below, the eutectic 
temperature appears to be some 75° C below 
that shown in the phase diagram, possibly 
because the eutectic composition is very critical 
and the exact eutectic composition was missed 
previously. 

Table 1 is a complete listing of the various 
phases observed. Some of them, such as NbNi, 
dissolve one of the elements in solid solution 
and are then shown in the general form 
NbNi+Nb. Not all of the phases listed for an 
element necessarily occurred under the same 
time and temperature conditions; the details 
are given below. 
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TABLE 1 


Phases observed in binary diffusion of Nb with 


Cr, Fe, or Ni 
Cr | Fe Ni 
+ NbCre + NbFe. + Fe | + NbNi+ Nb 
NbCr7 Nbe2Ni 
NbCr + Nb | NbNis 


+ predominant phase. 


50 
50 


Percent Nb 


167 hours 


fe) 
fo) 
Atomic Percent Nb 


Weight 


50 
SOP 


ae 


oh 
fo) 
Ns 


t 
(0) 2 4 6 
Microns 
Fig. 2. Composition across Nb-Cr diffusion couples 
formed at 1100°C; top figure 71 hours; bottom 
figure 167 hours; note Nb precipitate in NbCr phase. 
Distance is in microns. 


Nb 


Nb-NbCr 


Nb Cr, - Cr 
Nb Cr, 


Fig. 3. Electron micrograph of 167-hour NbCr diffusion couple. The segregations are almost pure Nb in a 
NbCr matrix. The NbCr7 phase is not easily distinguished in the micrograph. 
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Nb-Cr 


Composition across the diffusion zone is shown 
for two different specimens in fig. 2 +. Both the 
specimens were diffused at 1100°C but the 
first was 71 hours and the second 167 hours. 
After 71 hours the diffusion zone was about 
10 microns across and contained a 6-micron 
band of NbCre and a 4-micron band of NbCrz. 
The depth of diffusion of Nb into Cr or Cr into 
Nb beyond these phases was of the order of 1 uw. 
Voids and some cracking occurred between the 
NbCrg and NbCr7 phases. 

In the specimen heated for 167 hours the 
diffusion zone shows an NbCr phase as well as 
the previous two; the NbCr7 phase is very 
narrow in this specimen. Fig. 3 is an electron 
micrograph of the 167-hour specimen. It shows 
precipitates of almost pure Nb in the NbCr 
phase, indicating that the Nb was in solid 


+ The rounding of the composition curve at each 
sharp change in composition is due to the finite size 
of the electron beam. It was deliberately left as 
observed rather than idealizing the curves to show 
sharp composition breaks. 
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solution at 1100° C but the excess precipitated 
out on cooling. The atomic percent Nb varies 
from 50 % corresponding to NbCr to 55 % near 
the Nb boundary, which indicates that some of 
the Nb is still in solid solution in NbCr. 

After 24 hours at 1200° C the Nb-Cr diffusion 
zone closely resembled the three phase zone 
formed in 167 hours at 1100°C. However, 
extended heating, 120 hours at 1200° C, pro- 
duced a presently unexplainable condition, 
wherein a central band of pure Nb was enclosed 
on each side by zones of NbCr2 which were, in 
turn, contained between the original gross 
pieces of Nb. At the same time the expected 
zone width decreased from 127 mw (0.005 inches) 
to 33 uw. This peculiar condition is shown in 
fig. 4. 


Nb-Fe 


Specimens of Nb-Fe were prepared from three 
grades of iron, namely Armco, Puron, and a 
special melt made at the U.S. Naval Research 
Laboratory ; table 2 shows the impurity concen- 
trations and fig. 5 shows micrographs of diffu- 
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NbCr. 
"9 


Fig. 4. Diffusion zone in Nb-Cr-Nb sandwich after 120 hours at 1200°C. The Nb 


| \ 
Nb NbCr 


2 


has diffused throughout 


the thin Cr layer and then precipitated as Nb on cooling. The lighter zones are NbCre. 


TABLE 2 


Impurity concentrations in iron samples - 
(composition %) 


‘ | Iron samples | 

Impurity NRL pi Armco 
As 0.0001 0.000 05 0.009 
C 0.0008 0.005 0.012 
Co 0.0005 0.001 0.007 
Cr 0.0003 0.000 05 0.005 
Cu 0.0002 0.000 8 0.056 
He 0.0001 No anal. No anal. 
Mn 0.0002 0.000 O1 0.017 
Mo 0.0007 0.000 1 0.001 
Noe 0.0002 0.004 0.004 
Ni 0.0064 0.001 5 0.010 
Oz 0.002 0.040 | No anal. 
iP 0.0001 0.001 0.005 
S 0.0006 0.003 0.025 
Si 0.0005 0.001 0.001 
WwW 0.0001 0.000 05 No anal. 


sion zones with these three irons. Cracking and 
voiding occur near the Fe side of the diffusion 
zone. In each case the main diffusion zone of 
some 25 microns looks about the same. The 


NRL 
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composition varies from about 25-32 at % Nb 
with more of a slope in composition across the 
Armco iron specimen than in the Puron or 
NRL irons. It would be difficult to tell from 
electron probe data alone whether this is more 
likely to be NbFez plus excess Fe in solid 
solution or NbFe3 plus excess Nb. According 
to results from other types of tests, the litera- 
ture 5) reports that NbFez plus excess Fe is the 
probable form. 

The most interesting features of the Nb-Fe 
diffusion occur outside the main phase and seem 
to be related to the impurity concentration. 
Noticeable in fig. 5 is the different appearance 
on the Fe side of the three diffusion couples. 
In the NRL iron the background is very smooth 
but in the Puron there are numerous black 
segregations near the diffusion zone. In the 
Armco iron there is general roughness but 
most noticeable are the numerous segregations 
that occur some 400 uw beyond the diffusion 
zone. Fig. 6 shows the Nb concentration 
measurements and explains the differences in 


Fig. 5. Nb-Fe diffusion couples for three grades of iron: Top: NRL melt; Middle: Puron; Bottom: Armco. 
Black segregations on the Fe side of the couple in the middle and bottom micrographs are Nb compounds, 
thought to be formed with impurities from the iron. All couples were formed by heating at 1100° C for 48 hours. 
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appearance in the micrographs. The black 
segregations are very rich in Nb but seem to 
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Fig. 6. Composition curves from the three specimens 
of fig. 5. Nb compound segregations are shown as the 
dotted lines in the Fe matrix. Distance is in microns. 
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contain no Fe. This would indicate Nb com- 
pound formation with impurities in the Fe. 
They are fairly numerous in the Puron but only 
an isolated occasional one is found in the NRL 
iron. In the Armco iron there is some 2 % Nb 
in the iron matrix extending to a distance of 
more than 400 uw. In the NRL and Puron 
there is no measureable Nb in the iron matrix. 
This would indicate a strong dependence of 
diffusion coefficient on impurity concentration 
with the coefficient much higher in Armco iron 
which has more than 10 times the impurity 
concentration of the NRLiron. Much interesting 
work remains to be done on the effects of im- 
purities on diffusion. 

On the Nb side of the diffusion zone the limit 
of solubility of iron seems to be about 2 °% and 
there is no difference for the three grades of iron. 


Nb-Ni 


The first Nb-Ni experiments attempted were 
at 1100°C which, according to Pogodin and 
Zelikman 3), is 75°C below the eutectic tempera- 


Nb |-— 252 Ni 
NbNi-Nb, Ni 


Fig. 7. Nb-Ni diffusion couple after 24 hours at 1075° C. Segregations in the diffusion zone are Nb2Ni in a 
matrix of NbNi+ Nb. 
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Fig. 8. Composition across Nb-Ni diffusion couples 

at 1075°C and 1100°C. Each was annealed for 

24 hours. Dotted lines represent the positions and 

occurrence of precipitated phases. Distance is in 
microns. 


ture. However, the specimens frequently melted 
and it is now believed that the eutectic tempera- 
ture should be represented as 1100° C + 5°C. 

When 1075°C was used for the diffusion 
temperature, the first phase formed was NbNi 
and it dissolved excess Nb in solid solution. On 
cooling to room temperature, part of the excess 
Nb precipitated out as Nb2Ni but left the 
matrix still enriched in Nb especially near the 
Nb side of the zone. Fig. 7 is a micrograph of 
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the diffusion zone and the upper curve of fig. 8 
shows this composition variation. Cracking 
occurred near the Ni side of the diffusion zone. 

Diffusion at temperatures up to 1095°C 
showed similar results to those at 1075° C. At 
1100° C, however, the situation changed drastic- 
ally. For a few specimens run very close to 
1100°C but not melted, very long diffusion 
zones of as much as 1400 microns were formed 
in 24 hours. The phases that appeared on cooling 
were different from those at lower diffusion 
temperatures. As shown in fig. 9, on the Nb side 
of the zone there was a clear region about 
10 microns wide of NbNi and this was the 
matrix phase all across the zone. In the NbNi 
matrix there were thin precipitates of NbNig 
phase as would be expected from the published 
phase diagram. At the Ni side of the zone, the 
NbNis phase formed a continuous layer of a 
few microns thickness. The lower curve of fig. 8 
shows the composition variation at 1100° C. 
For specimens such as this one heated nearly 
to melting there did not appear to be cracking 
or voiding in the diffusion zone. 


Nb-Mo 


Niobium and molybdenum are completely 
miscible, as might be expected, and form the 
smooth composition curve depicted in fig. 10. 


NbNi—NbNi, NbNi- 


Fig. 9. Nb-Ni diffusion couple after 24 hours at about 1100° C, near melting. Micrographs show the Nb edge, 
the center, and the Ni edge of the very long diffusion zone. Precipitates are NbNis in a matrix of NbNi. 
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Fig. 10. Composition across a Nb-Mo diffusion couple Fig. 11. Diffusion coefficient for Nb-Mo system at 


after 48 hours at 1100°C. Distance is in microns, 1100° C. 


Fig. 12. Diffusion zones in Nb-stainless steel; top: type 304; middle: type 316; bottom: type 347. Compositions 
in table 3. All zones were formed by heating at 1100° C for 48 hours. 
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From this curve, and using Matano’s method 4), 
the diffusion coefficient may be calculated at 
different concentrations. It varies between 3 
and 7 times 10-14 cm2/sec, as shown in fig. 11. 


Nb-STAINLESS STEEL 

After the observed variations in phases in 
the niobium binaries and the sensitivity to both 
impurity content and temperature, the diffusion 
of niobium with stainless-steel might be ex- 
pected to yield a complete “hodgepodge”’ of 
results. In fact it did not, and the diffusion zone 
even remained almost unchanged for several 
different stainless steel compositions. Composi- 
tions of three of the stainless steels used are 
given in table 3 and micrographs of the diffusion 


TABLE 3 


Nominal composition of stainless steels (wt %) 


Element Type 304 Type 316 Type 347 
Cr 18-20 16-18 17-19 
Ni 8-11 10-14 9-12 
Mn 2 max 
Mo 2-3 
Nb ~ 0.5-0.8 


with Nb at 1100° C are shown in fig. 12. Within 
the precision of the electron probe technique, 
the composition across any one of the diffusion 
zones is represented by fig. 13. There are several 
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Fig. 13. Composition across Nb-stainless-steel dif- 

fusion zones. The curve represents all three of the 

steels shown in fig. 12 within the precision of the 
electron probe measurements. 
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interesting features that should be mentioned. 
First, the Cr, Fe, and Ni all diffuse the same 
distance in the Nb but they do not maintain 
their same relative compositions as in the 
stainless steel. From the experiments above it 
will be remembered that Ni diffused the most 
rapidly and Cr the slowest in the binaries. 
Second, there is a real enrichment of Ni within 
a few microns of the Nb side of the zone, and 
at the peak of the Ni enrichment there seems 
to be a plateau in the Fe, Cr, and Nb. The 
regions involved are too small for good quanti- 
tative analyses even with the electron probe. 

The atomic percentages observed in the main 
diffusion region correspond roughly to 4 parts 
NbFez plus 1 part NbCrz plus 1 part NbNi; 
these are seen to correspond to the predominant 
phases of table 1. In the Ni-enriched zone 
similar reasoning leads to 3 parts NbFez plus 
1 part NbCr plus 2 parts Nb2Ni. While these 
speculations, because of meager data, cannot 
be taken as final, it would not seem unreasonable 
that cracking in Nb cladding could be related 
to junctions of physically incompatible inter- 
mediate phases. 

The speculations of the previous paragraph 
take no account of other alloying elements but 
there is some variation in physical bonding with 
composition as may be seen in fig. 12. For 
instance, the middle picture shows some voids 
near the steel side of the diffusion zone but not 
the severe cracking of the top and bottom 
pictures. The middle steel specimen contains 
Mo and perhaps that could account for the 
better bonding because Nb and Mo were shown 
to be miscible. The bottom stainless-steel speci- 
men, that contains 0.8 94 Nb, shows cracking, 
so the presence of that much Nb is obviously 
not sufficient to do very much good. 


5. Conclusion 


Diffusion of Nb with Cr, Fe, and Ni leads 
to formation of hard, brittle phases of simple 
stoichometric compositions such as NbCre, 
NbFez, NbNi, and others. Cracking often occurs 
in the diffusion zone, usually between the inter- 
mediate phases or near the Nb-poor side of the 
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zone but never near the Nb-rich side. Impurities 
and temperature have far greater influence on 
Nb binary diffusion than on Nb-stainless-steel 
diffusion. Speculation from the estimated com- 
position of the Nb-stainless-steel diffusion zones 
indicates that they may consist of mixtures of 
the same phases that occur in the binaries. Poor 
physical compatibility of these intermediate 
phases could be the cause of the cracking that 
often occurs. One stainless steel alloy with 
2-3 %. Mo showed less than the average amount 
of cracking; another with 0.8 %. Nb showed 
the common type of cracking. 
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The electron probe microanalyzer has been used to 
determine the composition and extent of phases 
occurring in bimetal diffusion couples at 1100°C. 
A total of eighteen phases were determined in six 
binary systems: Nb-Pt, Nb-Se, Nb-Zn, Nb-Co, Ni-Ta, 
and Fe-Mo. In all cases the phases are stoichiometric 
and expressible in small whole numbers. The Nb-Se 
and Nb-Zn systems are somewhat alike in their phase 
formations in that Nb-Se exhibits Nb-Se, NbeSes, and 
Nb-Sez while Nb-Zn produces Nb-Zn, NbeZn3, NbZne, 
and NbZns. Diffusion between niobium and platinum 
to form Nbs3Pt, NbPt, NbPte, and NbPts would seem 
to preclude prolonged use of platinum thermocouples 
in contact with niobium at 1100° C. The only phases 
produced in the Nb-Co system are previously un- 
reported in the literature and are Nb3Coz and NbCoa. 
This system also exhibited an extended region con- 
taining about 5 weight percent niobium in cobalt in 
agreement with the solubility limit shown in existing 
phase diagrams. Ni-Ta diffusion produced zones which 
showed strong cracking and grain formation. The 
phases TaNiz, TaNiz, TaNi, and TasNiz comprised 
the zones, with pure tantalum precipitating in the 
TaNig phase on cooling from 1100° C. Fe-Mo produced 
only one phase: MoeFes. 


Le microanalyseur & sonde électronique a été employé 
pour déterminer la composition et l’étendue des phases 
apparaissant & 1100° dans des couples de diffusion 
bimétalliques a 1100°C. On arrive & un total de 
dix-huit phases pour six systémes binaires différents: 
Nb-Pt, Nb-Se, Nb-Zn, Nb-Co, Ni-Ta et Fe-Mo. Dans 
tous les cas les phases sont stoechiométriques avec des 
formules a coefficients numériques entiers et faibles. 
Les systémes Nb-Se et Nb-Zn sont quelque peu 
semblables dans la formation de leurs phases en ce 
sens que Nb-Se présente NbSe, NbeSes, et NbSes, 
tandis que Nb-Zn produit NbZn, NbeZns, NbZne et 
NbZns. La diffusion entre le niobium et le platine 
qui former NbsPt, NbPt, NbPtz et NbPts semblerait 
exclure Vemploi prolongé de thermocouples de 
platine au contact du niobium & 1100°. Les seules 


phases produites dans lesystéme Nb-Co a savoir NbsCO2 
et NbCo,4 n’ont pas été antérieurement signalées dans 
la littérature. Ce systéme comportait lui aussi une 
région étendue contenant & peu prés 5 % en poids 
de niobium dans la phase cobalt, en accord avec la 
limite de solubilité montrée dans les diagrammes de 
phase existants. La diffusion du couple Ni-Ta pro- 
duisait des zones qui montraient une importante 
fissuration et la formation de grains. Les phases 
TaNis3, TaNis, TaNi et TasNiz comprenaient les zones 
avec du tantale pur précipitant dans la phase TaNizg 
par refroidissement a partir de 1100°C. Fe-Mo 
produisait une seule phase MosFes. 


Der Réntgenfluoreszenz-Mikroanalysator wurde ver- 
wendet, um die Zusammensetzung und die Ausdehnung 
von Phasen zu ermitteln, die in einer bei 1100° C 
geglihten Diffusionsprobe vorhanden waren. Ins- 
gesamt wurden 18 Phasen in den folgenden 6 binaéren 
Systemen ermittelt: Nb-Pt, Nb-Se, Nb-Zn, Nb-Co, 
Ni-Ta, und Fe-Mo. Dabei weisen die Phasen stets eine 
stéchiometrische, durch kleine ganze Zahlen be- 
schreibbare Zusammensetzung auf. Die Systeme 
Nb-Se und Nb-Zn ahneln sich insofern, als bei Nb-Se 
NbSe, Nb2Ses und NbSeez, bei Nb-Zn NbZn, Nb2Znsz, 
NbZnz und NbZn3 vorkommen. Die Diffusion zwischen 
Niob und Platin unter Bildung von Nbs3Pt, NbPt, 
NbPtz und NbPts3 diirfte einen langeren Gebrauch von 
Pt-Thermoelementen bei Kontakt mit Niob bei 
1100° C ausschlieBen. Die beiden einzigen Phasen, die 
im System Nb-Co hergestellt werden konnten, némlich 
NbsCozg und NbCo, sind bisher in der Literatur nicht 
erwahnt. In diesem System wurde auch in Uberein- 
stimmung mit den in der Literatur angefiihrten 
Zustandsdiagrammen ein ausgedehnter Mischkristall- 
bereich mit rund 5 Gew.-% Niob in Kobalt beobachtet. 
Bei der Ni-Ta-Diffusion entstanden rissige und kérnige 
Zonen. Im einzelnen sind die Phasen TaNiz, TaNis, 
TaNi und TasNie vorhanden, wobei sich in der TaNie- 
Phase beim Abkiihlen von 1100° C reines Tantal aus- 
scheidet. Im System Fe-Mo baute sich nur die Phase 
MoeFes auf. 
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ELEVATED TEMPERATURE DIFFUSION 


1. Introduction 


This report is the second in a series on the 
effects and results of binary diffusions at elevated 
temperatures and covers the systems Nb-Pt, 
Nb-Se, Nb-Zn, Nb-Co, Ni-Ta, and Fe-Mo. The 
first report 1) was concerned with the diffusion 
of niobium with stainless steels and their major 
constituents and served to shed new light on 
the phase formations in the Nb-Cr and Nb-Ni 
systems as well as to corroborate the Nb-Fe 
phase diagram. Five of the systems reported 
herein yield new phase formation information, 
while one, Fe-Mo, corroborates the present 
phase diagram. 

As in the first report all analyses of the 
diffusion couples were made with the electron 
probe microanalyzer. This instrument has al- 
lowed diffusion times to be cut to as little as 
24 hours and has successfully eliminated the need 
for costly and time-consuming wet chemical or 
radioactive tracer analyses. Even the 2-micron- 
wide diffusion zones in Nb-Pt and Ni-Ta were 
measured with reasonable precision and 
accuracy using the finely focused beam of 
electrons. 


2. Specimen Preparation 


The niobium used in these investigations was 
Fansteel 99.7 % grade, the cobalt was Kulite 
reactor grade, the platinum, zinc, molybdenum, 
and tantalum were the purest materials com- 
mercially obtainable, and the selenium was 
vacuum distilled metal. Quarter-inch squares 
of each material, except selenium and zinc, were 
cut, metallographically polished on one face, 
and lightly spot-welded under helium to form 
the appropriate couples. Because of selenium’s 
low melting point and high vapor pressure, it 
was first distilled into quartz ampules; then 
clean, polished niobium plates were introduced 
and the ampules were evacuated and sealed for 
the diffusion treatment. For the Nb-Zn system, 
niobium wire was dip coated with molten zinc 
prior to annealing in air. 

All diffusions were carried out singly in a 
small tungsten-wound furnace which was con- 
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tained within a vacuum chamber operating at 
about 510-5 mm Hg. Temperature control 
was maintained at + 5°C by a Leeds and 
Northrup controller using a Pt/Pt-13 % Rh 
thermocouple affixed directly to the specimen. 
At the end of the desired diffusion time the 
specimen was cooled quickly to room tempera- 
ture by quenching in helium, removed from the 
chamber, and immediately mounted in Bakelite. 
A cross section of the diffusion zone, well away 
from the outer edge was given a good metallo- 
graphic polish. The extent and condition of the 
zone(s) and its boundaries was usually apparent 
under the optical microscope without etching. 
In any case, no etching was done on any 
specimen prior to its analysis in the electron 
probe microanalyzer. 


3. Electron Probe Measurements 


All analytical measurements entailed the use 
of 25-keV electrons focused to a beam one 
micron in diameter. Standard, curved LiF- 
crystal X-ray optics were used with argon or 
krypton Geiger counter detectors, and the X-ray 
intensities were recorded on Brown strip-chart 
recorders. The analytical results shown in 
figs. 2, 4, 8, 10 and 12 were obtained from 
continuous scans which produced simultaneous 
quantitative analyses for the diffusing elements. 
Phase thicknesses and diffusion zone lengths are 
those produced for the respective systems under 
the stated time-temperature conditions. A more 
complete description of the electron probe 
microanalyzer is contained in the previous report 
and will not be repeated here. 

In the previous report, percent composition 
was obtained from X-ray intensity using cali- 
bration curves extrapolated from measurement 
of chemically analyzed standards. Since that 
report, a new calculation technique has been 
developed 2) which obviates the need for cali- 
bration standards and, in some 50 compounds 
and alloys tested, has yielded accuracy of a 
few percent of the amount present. Calculation 
has also shown that the calibration curves of 
the first report were quite correct. 
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4. Results 


Nb-Pt 


Diffusion of niobium with platinum for 188 
hours at 1100°C produced zones that were 
somewhat variable in width but completely 
continuous with no evidence of cracking or 
voiding. The zone contained four phases, each 
of which varied in width along the length of 
the zone. These were identified, proceeding 
from the Nb to the Pt, as Nb3Pt, NbPt, NbPte, 
and NbPts. Phase diagrams of this system 
present only the NbsPt phase, which was 
investigated by Greenfield and Beck in 1956. 


Fig. la. Unetched Nb-Pt diffusion couple formed at 


1100° C. A-NbsPt, B-NbPt, C-NbPtz, D-NbPts 


Nb 


Pt 


// 
KB'c 


Fig. lb. Nb-Pt diffusion couple of fig. la etched with 

aqua regia. The Nb3Pt (A) and NbPt (B) phases show 

strong attack while the NbPtz2 (C) and NbPts (D) are 

unaffected. Note the irregular occurrence of the NbPt2 
and NbPts phases 
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Fig. 2. Composition across the Nb-Pt couple shown 


in figs. la and lb 


Photographs of the unetched and etched speci- 
men are shown in figs. la and 1b, while the 
composition across the zone is graphed in fig. 2. 
At the widest point the zone was about 40 
microns (0.0016) across. 

An interesting observation of this diffusion 
is that the NbPtz and NbPts phases do not 
occur as a continuous feature of the diffusion 
zone. They appear, always together, as irregular 
layers strongly indenting the NbPt phase which 
constitutes the major portion of the diffusion 
zone. Comparison of the etched and unetched 
specimens of fig. 1 indicates that aqua regia 
has little effect on the NbPt2 or NbPts phases 
but attacks the NbgPt and NbPt rapidly. 

The formation of this 30-micron diffusion 
zone between Nb and Pt after 188 hours at 
1100° C indicates that Pt or Pt alloy thermo- 
couples cannot be used in direct contact with 
Nb for extended periods of time at elevated 
temperature if precise temperature measure- 
ments are required. 


Nb-Se | 


Fig. 3 shows an unetched diffusion zone in a 
niobium-selenium couple formed after 24 hours 
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at 1100°C. The appearance visually is not 
pleasing because the extreme variation in hard- 
ness made it impossible to achieve a good polish 
on the pure elements and the three intermediate 
phases simultaneously. However, the diffusion 
zones are seen to be more uniform in width than 
in the Nb-Pt system. Going from the Nb toward 
the Se, the intermediate phases were identified 
as NbSe, Nb2Se3, and NbSez and having respec- 
tive widths of about 14, 18, and 170 microns as 
shown in fig. 4. Some void formation appears 
between the NbSe and NbeSesg phases and also 


Fig. 3. Diffusion zone formed after 24 hours at 
1100° C by vapor deposition of selenium onto niobium 
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shown in fig. 3 


263 


between Nb2Se3 and NbSezg. There is no repre- 
sentation of 0 % Nb (100 % Se) in fig. 4 because 
with the vapor deposition method, the formation 
of stoichiometric compounds was too rapid to 
permit buildup of a 100 %. Se layer on the 
surface. 


Nb-Zn 


Niobium-zine specimens had been prepared 
by the Metallurgy Division of NRL for air 
corrosion tests and these corrosion specimens 
were used rather than preparing separate 


bs Zn, INbZn,| NbZn 
+ NbZn 


Fig. 5. Nb-Zn dip-coated specimen diffused for 
48 hours in air at 980°C. Note the precipitate of 
NbZn in the NbzZn3 phase 


‘Nb N 
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Nb 


| INb,ZnI | 

aca 
—NbZn- Oxide 
Fig. 6. Nb-Zn specimen averaging 35 weight percent 


Zn diffused in vacuum for 195 hours at 870°C and 
then in air at 980° C 
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diffusion couples; consequently, the thicknesses 
of the various layers in figs. 5 and 6 may have 
little significance from the diffusion standpoint. 
However, the positive identification of the 
phases helps elucidate the kinetics of the 
protective action of Zn on Nb at temperatures 
of 1000° C and should prove invaluable in the 
formulation of a phase diagram for this system. 

Fig. 5 shows a Nb specimen which was dip 
coated in molten Zn and then heated for 48 
hours in air at 980°C to produce the three 
distinct layers. Electron probe measurements 
showed that the layer next to the Nb is a NbaZng 
matrix containing a precipitate of NbZn; next 
to this is a pure phase of NbZng and finally a 
NbZng phase. 

The specimen in fig. 6 was prepared by 
diffusing 35 wt % Zn into a Nb cube in vacuum 
at 870° C for 195 hours prior to heating in air at 
980° C. Only two metallic phases, NbZn and 
NbeZng, were present together with an over- 
laying layer of niobium oxide. A most interesting 
feature here is that the NbZn appeared as a 
separate and discrete phase rather than as a 
precipitate in the NbeZnz. 


Nb-Co 


Interdiffusion of niobium with cobalt for 
90 hours at 1100° C produced a three-phased 
zone having a total width of about 260 microns 
as shown in figs. 7 and 8. The narrow 6-micron- 
wide phase was identified as Nb3Cozg, while the 
main zone graded from 27 at 94 Nb down to 
20 at % over a distance of 100 microns. At the 
higher Nb percentage, this phase corresponds 
approximately to the previously assumed 3) 
NbeCos phase; however, the lower Nb percen- 
tage end of the zone agrees with the stoichio- 
metric NbCoa. It is difficult to say whether this 
phase represents a transition from Nb2Cos to 
NbCo, or a NbCo,g matrix with up to 16.5 wt % 
Nb in solution at the rich end. It does not seem 
logical to consider this as NbeCos with Co in 
solid solution to the extent of 37 wt %. 

On the Co side of the diffusion zone, there is 
a 20-micron-wide phase of constant 5 wt % Nb. 
After that the Nb composition decreases to 
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zero over a distance of some 130 microns. The 
Nb3Cozg phase shows voids near the outer edges 
of the diffusion couple. There is no immediate — 
explanation for this phenomenon unless it 
represents the production of a three-component 
system from a slight oxide or nitride contamina- 
tion or is a physical straining of the zone due 
to bimetal action during cooling. 
The postulated NbCog phase 4) was not found 
in this investigation. 


Ni-Ta 


Fig. 9 and 10 show the four distinct phases 
identified in the nickel-tantalum system after 
diffusion for 96 hours at 1100°C. The well- 
known TaNizg comprised about 50 % of the zone 
area with the other stoichiometric compounds 
TaNie, TaNi, and Ta3Niz sharing the remainder. 


NbCo,g 


b ICo+Nb 
Nb=Co, ae 
Fig. 7. Diffusion zone formed between Nb and Co 

after 90 hours at 1100° C 
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Severe cracking and voiding is apparent, fig. 9, 100 igo 
between the “grains” of TaNis and between the ae 80 
Ni and the TaNig zone. Small “fingers” of 70 
100 % tantalum were found within the TaNiz 80 ZY 
zone. These probably precipitated on cooling ay 
and represent an unknown solubility of Ta in E70 40 
TaNiz at 1100° C. = 60 5 
The identifications of TagNis and of TaNi ms par 
confirm the assumptions of Kubaschewski and 90 a 
Speidel 5) and Therkelsen *) respectively con- 5 ie 20 8 
cerning the compositions of the peritectically a a 
formed compounds. In addition the establish- > 30 E 
ment of the presence of a TaNi phase is in PA log 
agreement with the eutectic point established oe 
by Therkelsen. 10 
¢ 10. 1 420s 30 n 404, SORECO 
Distance (Microns) 
Fig. 10. Composition across a Ni-Ta diffusion couple 
after 96 hours at 1100°C 
Fe-Mo 


A 30-micron-wide zone graded from 39 to 
37.5 at % (52-50 wt %) molybdenum was 
formed as a result of iron-molybdenum diffusion 
at 1100°C for 66 hours. This corresponds to 
the é phase which has already been established 
for the Fe-Mo phase diagram and designated as 
MoeFes with a slight solubility for iron. At the 
Fe-MozFe3 interface there was continuous, 
erratic cracking, fig. 11, similar to that observed 
in several of the Nb couples reported in the 
first report and always occurring near the 
Nb-poor interface. 


Ta 


ACs, Ni 4 


Fig. 9. Photomicrographs of two different Ni-Ta 
diffusion zones. Note grain growth in the TaNis phase 


“Mo Moo Fel Fe 


and. severe cracking between the grains and the Ni. 
The finger-like precipitate seen in the TaNiz is pure Ta. 
A-TasgNiz, B-TaNi, C-TaNiz + Ta. 


Fig. 11. Fe-Mo diffusion couple formed at 1100° C. 
Continuous erratic cracking occurs at the Fe-MoszFes3 
interface 
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couple shown in fig. 11 


The concentration of Mo across the diffusion 
zone is shown in fig. 12. No phases other than 
Mo2Fes were found and there was no appreciable 
diffusion of Fe into pure Mo or of Mo into 
pure Fe. 


5. Conclusion 


Positive identifications of phases resulting 
from the diffusion of niobium with platinum, 
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selenium, and cobalt, of nickel with tantalum, 
and of iron with molybdenum have been made 
with the electron probe microanalyzer. Table 1 
presents a listing of these phases. All of the 
results obtained from diffusion couples have 
shown that each intermediate phase is of a 
stoichiometric composition expressible in small 
whole numbers. 


TABLE 1 


Phases formed during binary diffusion 


Diffusion 
Count Phases 
pie | 
Nb-Pt NbsPt, NbPt, NbPte, NbPts 
Nb-Se NbSe, NbeSe3, NbSee 
Nb-Zn NbZn, NbeZn3, NbZne, NbZns 
Nb-Co Nb3Cosg, NbCo,4 
Ni-Ta TaNis, TaNie, TaNi, TasNie 
Fe-Mo Mo2Fe3 
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By means of the isotopic exchange reaction between 
uranium dioxide powders of normal oxygen-18 content 
and carbon dioxide gas enriched in oxygen-18, the 
self-diffusion of oxygen in stoichiometric and non- 
stoichiometric uranium dioxide has been measured. 
For essentially stoichiometric UOs, diffusion of oxygen 
in the temperature range 550°-780° C can be repre- 
sented by the equation 


D = 1.2 X 103 exp (—65 300/RT). 


In nonstoichiometric UOe, oxygen diffusion rates are 
increased, and the activation energy is decreased by 
more than half. 

The diffusion current carriers are considered to be 
oxygen ions in interstitial positions. An interstitialey 
mechanism for diffusion is suggested. 


Au moyen de la réaction d’échange isotopique entre 
les poudres de bioxyde d’uranium de teneur normale 
en oxygéne O}8 et de gaz carbonique enrichi en oxygéne 
O18, Vautodiffusion de loxygéne dans le bioxyde 
d@uranium stoechiométrique et non stoechiométrique 
a été mesurée. Pour le bioxyde d’uranium stoechio- 
métrique on peut représenter la diffusion de l’oxygeéene 
par l’équation 


D =1,2 x 103 exp (—65 300/RT) 


1. Introduction 


Studies of the self-diffusion of oxygen in 
uranium dioxide form part of a program con- 
cerned with the mechanism of material transport 
within the uranium dioxide lattice. That oxygen 
is mobile at low temperatures in the uranium 
dioxide lattice has been known for some time. 
The study of Aronson et al.1) demonstrated 
that the rate of the initial step in the oxidation 
of UOz to UsO0g is controlled by the diffusion 
of oxygen through the uranium dioxide lattice. 
In the temperature range investigated, 160° to 


entre 550 et 780° C. Pour le bioxyde d’uranium non 
stoechiométrique les vitesses de diffusion de l’oxygéne 
sont accrues et l’énergie d’activation abaissée de plus 
de la moitié. 

Les porteurs du courant de diffusion sont supposés 
étre les ions oxygéne en position interstitielle. On 
suggére done un mécanisme de diffusion interstitielle. 


Mit Hilfe eimer JIonenaustauschreaktion zwischen 
Urandioxydpulver, welches einen normalen Gehalt 
an O18 aufwies, und gasférmigem Kohlendioxyd, das 
mit O18 angereichert war, wurde die Selbstdiffusion 
von Sauerstoff in st6chiometrisch und nichtstdéchio- 
metrisch zusammengesetztem Urandioxyd gemessen. 
Fur praktisch st6chiometrisches UOz kann die Sauer- 
stoffdiffusion im Temperaturbereich von 550 bis 
780° C durch die Gleichung 


D = 1.2 x 103 exp (—65 300/RT) 


dargestellt werden. In nichtst6chiometrischem UOz 
ist die Diffusionsgeschwindigkeit des Sauerstoffs 
grosser, wahrend die Aktivierungsenergie um mehr 
als die Halfte kleiner ist. 

Als Trager des Diffusionsstroms werden Sauerstoff- 
ionen auf Zwischengitterplatzen angesehen. Es wird 
dazu ein Mechanismus der Diffusion tber Zwischen- 
gitterplatze vorgeschlagen. 


350° C, diffusion coefficients for oxygen during 
oxidation can be represented by the equation 


D=5.5 x 10-3 exp (— 26, 300/R7). 


The activation energy, 26.3 kcal/mole, is in 
good agreement with the activation energies 
found by Alberman and Anderson 2) (27 kcal/ 
mole), Perio 3) (25-30 keal/mole), and Anderson 
et al. 4) (18-27 keal/mole) in other studies on 
the oxidation of UQOs. 

Some work on oxygen self-diffusion in UO, 
has already been reported 5). Also, diffusion 


+ Present address: Brookhaven National Laboratory, Upton, L.I., N.Y., USA 
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results have appeared on uranium dioxide 
containing excess interstitial oxygen °). The 
activation energy for oxygen self-diffusion in 
these powders is 29.7 kcal/mole, which is close 
to the values found for oxygen diffusion during 
oxidation. The work on oxygen self-diffusion 
has shown that diffusion is more rapid in 
UOs.0g than in nearly stoichiometric UOs. 

The investigation reported here extends the 
work already presented >: 6). New powders have 
been studied using improved and more precise 
techniques. More work on diffusion in non- 
stoichiometric uranium dioxide has been done, 
and attempts have been made to extend the 
temperature range investigated. 

The experimental approaches to this specific 
problem were first discussed by Wagner ’). He 
suggested two methods. One consists of preparing 
two kinds of UO: pellets, one enriched in 
oxygen-18, one of normal 0!8 concentration. 
The pellets are then pressed together and heated 
in an inert atmosphere. The transfer of heavy 
oxygen between the pellets can then be analyzed 
and diffusion coefficients determined. This 
approach was tried but not used because the 
analytical methods available for oxygen-18 in 
UOz were not satisfactory. 

The second method attempted and subse- 
quently used was the method of isotopic ex- 
change. In this case oxygen-18 in a gas or solid 
phase exchanges with the normal oxygen of the 
other phase. This general technique has been 
used to study catalyst surface reactions 8) as 
well as diffusion processes 9). It was found 
suitable for the experiments performed here. 


2. Experimental 


2.1. THE MODEL 


The reaction that is observed is an exchange 
reaction between isotopes of oxygen at the 
interface of a gas and solid phase. The reaction 
may be considered to occur in three steps, any 
of which may be rate controlling. These steps 
are: (1) the diffusion of the exchanging specie 
through the gas phase to the solid surface; 
(2) the interface reaction, where the exchange 
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reaction takes place; (3) diffusion of the ex- 
changed specie into the solid phase. Steps (1) 
and (2) must be rapid in order that the measured 
phenomenon be diffusion through the lattice. — 
This can be realized if the gas is kept well 
stirred and the diffusion path sufficiently long. 

Solutions to the diffusion equation for dif- 
fusion from a solution of limited volume into a 
finite solid have been derived by Carman and 
Haul 1°). In these solutions, it is assumed that 
the solid is in the form of a group of spherical 
particles, all of which are equally and freely 
exposed to the ambient atmosphere. The experi- 
mental conditions which must be met for the 
particular solution to be applicable are as 
follows: (1) the concentration of exchanging 
specie is uniform at all times; (2) the concen- 
tration at the surface of the solid is in equili- 
brium with the concentration in the gas phase; 
(3) the amount of gas remains constant through- 
out the experiment (the amount of gas with- 
drawn from the system for analysis must be 
small compared to the total amount of gas). 

The diffusion equation solutions appropriate 
for the experiments performed here are as 
follows: 


W \ 
l= y= ] 


SS ex , Dt : 
= 1a Ne we 


where 


W = total amount exchanged in time ¢ 

W.. = total amount exchanged in time t=oo 

A = “total effective volume ratio’’, i-e., the 
ratio of the number of moles of ex- 
changing specie in the gas to that in the 
solid (a measure of the amount of gas 
relative to the amount of solid) 

qn = nonzero positive roots of the equation 
tan q = afr fe 

(3+4 9?) 

D = diffusion coefficient (cm2/sec) 

t = time (sec) 

a@ = average particle radius (cm). 
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This equation is applicable for small values of 
1—W/W.,, (for long times). For shorter times 
the equation used is 


i = (1) 


acs 


33 jon e i, 
Be gerfc —— gee eet eerfc — 3y2 Ve =F. 
vit ye A yitye A } 


where 


ceric, ci= exp w? erfe-a; 671 = A[ a+ 5 A+ 1] 
g= Dita; ye=yi—1. 

Values of the functions eerfe 2 and eerfe —2x 

are found in Carman and Haul?!°) and in 

Carslaw and Jaeger 14). 

To calculate diffusion coefficients the ex- 
change rate curve and the particular / for the 
experiment are necessary. For the particular 
A value, a theoretical curve of 1—W/W,, vs t 
is constructed. From this curve values of t are 
obtained corresponding to the 1— W/W, values 
found experimentally. The values are then 
plotted against ¢. Since += Dt/a?, this plot 
should be a straight line through the origin of 
slope D/a?. Knowing the average particle 
radius, a, D may be determined. 

The extent of the reaction is calculated 
directly from the gas analysis. The relationship 
1—W/W.,.=(P—-P..)/(P2—P.) is used, where 
P is the isotopic concentration in the gas at 
time t, Pz is the isotopic concentration initially 
in the gas at t=0, and P,, is the equilibrium 
isotopic concentration in the gas at t=oo. If 
the experiment has not reached equilibrium, 
P,, can be determined from the formula 
P..=AP2+Pi/(1+4), where P; is the initial 
isotopic concentration in the solid. 

That the exchange reaction at the surface 
is not rate controlling can be determined by 
analysing the exchange rate curves assuming 
first order kinetics are obeyed. For first order 
kinetics a plot of log W/W, vs time is linear. 
The data so analysed did not fit such a plot. 
The linear nature of the t vs ¢ plots indicates 
that the exchange reaction fits a diffusion model. 
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Another important test of the mechanism 
is to determine diffusion coefficients for different 
size particles. The diffusion coefficient should 
be independent of particle size. This has been 
observed experimentally and is discussed below. 


2.2. MATERIALS 

The preparation and characteristics of the 
powders used are briefly described in table 1. 
Experiments were performed on uranium oxide 
powders from two basic sources. For the work 
that has been reported >), the powders used 
were prepared by oxidizing uranium metal in 
steam at 2000 psig and 340° C. In the case of 
these powders, the water used for the prepara- 
tion was enriched in oxygen-18 f, so the tracer 
isotope was incorporated directly in the UOs 
lattice. The powder was hydrogen annealed at 
a temperature higher than that of the diffusion 
experiments (800° C, 12 hours). The results of 
a large number of analyses of the powder 
indicate that the average O/U ratio of the 
material is about 2.004. From some of the 
powder prepared in this manner a quantity of 
uranium oxide of composition UO2.o¢ was made. 
This material received a subsequent vacuum 
annealing treatment at 800°C for 10 days 
prior to use. The powders prepared by steam 
oxidation are designated as EOH powders. 

Other experiments were conducted on powders 
prepared from UO: powder obtained from Mal- 
linckrodt Chemical Works (MCW). Four powders 
differing in surface area and in oxygen content 
were prepared from this source. One batch of 
the powder received two hydrogen heat treat- 
ments: 1725°C for 62 hours and 1400°C for 
24 hours. The O/U ratio of this powder was 
determined to be 2.002. Portions of this material 
were oxidized to UOego0g and to UOs.o9. These 
oxidized powders were vacuum annealed to 
ensure homogeneity. The second batch of the 
source powder received a 1200°C hydrogen 
anneal for 24 hours. It has been assumed that 
the heat treatments received by the powders 


t Obtained from the Stuart Oxygen Co., Los 
Angeles, Cal. The water is enriched to about seven 
times normal oxygen-18 concentration. 
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(b) i : 
ou @ Surface Spherical 
Powder Source Treatment area radius 
| 40/002) vee 
| =a | (m?/g) | microns 
EOH-UOz High pressure steam oxida-) | 
tion of U metal (2000 psig, | 
340° C) . | —100 mesh powder, He anneal, 
12*h; 800° C 2.004 0.65 0.5 
EOH-U0Os2.06 % | Above treatment plus vacuum | 
/ anneal, 10 days, 800° C 2.063 0:22 1-3 
MCW-UO3z(l) ©) | Obtained from Mallinckrodt | 
Chemical Works | —100 mesh powder, He anneal, | 
Hydrogen reduction 62 h, 1725°C, plus 16 h at} 
of UOs to UOe 14005 C3 2.002 0.1 2.65 
MCW-U0sz (s) M1 —100 mesh powder, Hz anneal, | | 
£200" C2 4 heen oe ee | 0.45 0.6 
| 
MCW-U0O>2.06 BS Same as MCW-UOd2(/) plus vac- | 
| uum anneal, 700° C, 10 days) 2.057 0.1) 2265, 
MCW-U02.09 : Same as MCW-UOz(J) plus vac- | 
uum anneal, 750° C, 10 days} 2.092 0.1 2.65 
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TABLE 1 


Characteristics of the uranium dioxide powders studied 
eee 


a) determined by polarographic analysis for UY). 


b) measured by Ne adsorption by modified + Innes surface area method. 
ce) (l) refers to large particle size, (s) to small radius. 
4) low temperature oxidation of UOz to these oxygen contents does not increase the surface area. 


+ J.C. Clayton and J. E. Rul, Chemist-Analyst 47 (1958) 62. 


are adequate to ensure that no surface area 
changes take place during an exchange experi- 
ment. The average spherical radii of the powders 
were determined by assuming that the powders 
consisted of spheres of uniform size. The 
spherical radius could then be expressed in 
terms of the sample surface area and density. 
The relationship is a=3/Sd, where a is the 
spherical radius in em, S, the surface area in 
cm?/g (determined by BET methods !2), and 
d is the density in g/cc. 

It should be pointed out that there is an 
uncertainty in the exact oxygen content of the 
nearly stoichiometric materials, UOs.o92 and 
UOs.004. The analytical method used, polaro- 
graphic determination of hexavalent uranium!3), 
results in an O/U variation of + 0.002 for very 
low O/U ratios. It is suspected, therefore, that 


the nominal compositions UO2.002 and UOs.o04 
may be in error and that the powder which 
analyzed UOsz.902 is more nearly stoichiometric. 

Since carbon dioxide was used as the ex- 
changing gas, there is, as a result of the 
2COz = 2CO + Oz equilibrium, some low oxygen 
pressure in the system. This oxygen pressure 
is still much higher than the oxygen equilibrium 
pressure over UQz 14), so some oxidation of the 
UO: could theoretically take place during an 
anneal. To check this possibility, U(VI) analyses 
were performed on all samples after the ex- 
change experiments. Subsidiary anneals were 
also made with the CO2 in contact with UOz 
for long times. In these latter experiments 
MCW-UOz powder was heated with CO, in 
sealed bulbs at 750° C for 72 hours. Before and 
after the anneal the material analysed as 
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UO2.002. This result does not preclude some 
small amount of oxidation at the surface. How- 
ever, the analysis of the bulk material indicates 
that no oxidation took place within the limits 
of the analysis. 

As a further check on the possibility that 
some oxidation can occur during the course of 
an exchange experiment, one experiment was 
performed with a small amount of hydrogen 
added to the COz gas. The amount of hydrogen 
added was sufficient to make the hydrogen 
pressure in the system about 1000 times the 
oxygen pressure due to the 2COz2 = 2CO+ Oz 
equilibrium. The oxygen diffusion coefficient 
for this experiment was in good agreement with 
the results of other experiments, without hy- 
drogen, on the same powder. Thus the likelihood 
that the results of the diffusion experiments are 
confounded by oxidation of the powders during 
anneals appears slight. 

The increase in O18 content of the gas phase 
was followed for the exchange experiments with 
the EOH powders. Since the MCW powders 
contained the normal amount of oxygen-18, 
the exchange experiments were carried out in 
COz gas enriched in oxygen-18, and during the 
experiments the decrease in O18 content of the 
gas was followed. The enriched gas was prepared 
by equilibrating a quantity of oxygen-enriched 
water with normal CO2 at room temperature 
by shaking for a few hours. 

There are real advantages to performing the 
exchange experiments with the tracer in the 
gas phase. No measurements need be made of 
the isotopic concentration of the solid phase. 
The concentration of O18 in the UO: is con- 
sidered normal. With the tracer initially in the 
solid, as is the case for the KOH powders, it is 
necessary to determine the actual tracer con- 
centration. This measurement can be performed 
by equilibrating the O18-enriched solid with a 
very small amount of normal COz gas. The gas 
is then analysed for isotopic concentration. 
Because of the very small amount of gas 
compared to solid, at equilibrium the isotopic 
concentration of both phases is essentially 
equal. This is a much more involved procedure 
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than a direct gas measurement. Another com- 
plication that was encountered by starting with 
the tracer isotope in the solid phase was that 
analyses had to be performed on each of the 
various oxidized powders since, as the O18 
enriched powders are oxidized, the O18 content 
becomes diluted. 


2.3. APPARATUS AND EXPERIMENTAL 
PROCEDURES 


The exchange reactions were performed in a 
glass and Vycor system where the exchanging 
gas is continuously circulated by convection 
around the UOz sample. The system was adapted 
from one described by Cameron et al. 15). A 
drawing of the system is shown in fig. 1. The 
sample is supported in the center of a Vycor 
reaction tube. On the leg of the system opposite 
the sample a modified dosing stopcock is incor- 
porated to permit small gas samples, about 
0.2 cc, to be withdrawn periodically from the 
gas stream, and frozen out and sealed off from 
the bottom of the 2 mm Pyrex sampling tubes. 

In operation the carbon dioxide is introduced 
and isolated in the system with the UQO2 at 
temperature and under a vacuum of 10-6 mm Hg. 
A timer is started when the gas is expanded 
into the whole system. The first sample is taken 
after about 5 minutes and the anneal is usually 
carried out for about 20 hours with about 
12 samples taken. 

As the rate of exchange changes with tempe- 
rature it becomes necessary to adjust the gas 
to solid ratio (A) in order that the reaction can 
be conveniently followed. There are limits, 
however, to the range in which / can be adjusted. 
A very large /, that is, a high gas to solid ratio, 
results in a small change in the isotopic concen- 
tration of the gas even if the exchange reaction 
goes to completion (when the isotopic concen- 
tration in the gas phase is equal to the isotopic 
concentration in the solid). For very small 
4 values, exchange reactions can reach equili- 
brium in a time too short to obtain a reasonable 
rate curve. Of course A can also be adjusted by 
varying the amount of solid. Here difficulty has 
been found when large amounts of UOse are 


TO VACUUM 


SAMPLE CUP 


SPLIT TUBE 
FURNACE 


Fig. 1. 


used. The circulating gas must then diffuse 
through a powder bed, and this step can 
become rate controlling. It has been found that 
a 0.1 g UOz sample is satisfactory, and / can 
be conveniently varied between 0.2 and about 3. 

With the / range fixed, for a given powder 
the maximum diffusion coefficient measurable 
is fixed by the maximum slope of the t vs ¢ curve 
that can be experimentally determined. In 
order to measure more rapid diffusion coefficients 
at higher temperatures a powder with a larger 
spherical radius must be used. Thus the absolute 
limit of measurement of diffusion coefficients is 
imposed by the maximum size particle that can 
be prepared. It has been estimated that the 
maximum diffusion coefficient that could be 
measured is about 10-10 cm?/see for particles 
of about 9 microns radius. However, it becomes 
difficult to prepare powders larger than this by 
annealing methods. It would probably be 
necessary for measurements of coefficients 
greater than 10710 cm?/sec to use powders 
prepared from coarse fractions of crushed, high 
density sintered compacts. 

Analysis of the gas samples is performed mass 
spectrometrically by comparing the intensities 
of the mass 44 peak (C!2016016 to the mass 
46 peak (C!2016018), The contribution at these 
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Exchange system. 


masses of species involving C!® and O!” is 
negligible. The instrument used for analysis is 
the consolidated Electrodynamics Corporation 
type 21-620 mass spectrometer. The sealed 
glass tubes containing the gas samples are 
broken while attached to the spectrometer 
vacuum system. 

The principal errors in the diffusion coefficient 
measurement arise from two sources. The first, 
and largest, is the error involved in the surface 
area measurement of the powder. The surface 
area measurements are reproducible to about 
+ 15 %. Any error in surface area is directly 
reflected as an error in the spherical particle 
radius. Since the particle radius enters into the 
diffusion coefficient as a squared term, the error 
in D due to errors in the surface area measure- 
ment is about + 30 %. 

The second source of error is due to errors 
in the slope of the t vs ¢ curve. For most 
experiments a good straight line resulted until 
the exchange reaction was about 80 % complete. 
Above 80 % the reaction became slow and no 
longer followed the linear relationship. This 
may be due, in part, to a variation of particle 
sizes within the sample. Toward the end of the 
reaction the smaller particles of the sample 
may have reached equilibrium and the exchange 
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rate is slowing down because diffusion kinetics 
are now being governed by coarser particles. 

The maximum error in the slope was + 20 %. 
Variations this large occurred in the low tempe- 
rature exchange experiments where the reaction 
did not go very far for the length of the anneal 
and in the experiments where the exchange 
reaction was very rapid and was essentially 
complete in two or three hours. For the bulk 
of the experiments the error in slope is about 


+10 %. 


3. Results of Diffusion Experiments 


The results of the diffusion experiments are 
tabulated in table 2. Also included in this table 
is the result of one experiment on a powder 
designated MCW-UOsz 0¢ (reduced). This material 
was MCW-UO;s 0g and had been reduced in 
flowing hydrogen at 1400°C. The purpose of 
this experiment was to cross check the results 
of the MCW-UO2) + experiments. 

The logarithms of the diffusion coefficients 
versus the absolute reciprocal temperature are 
plotted in fig. 2. It can be seen that the two 
source powders, EOH and MCW, each fall into 
two groups. For the MCW powders, all the high 
temperature hydrogen-reduced and annealed 
powders fall on one straight line; the diffusion 
coefficient is independent of particle radius. 
Addition of oxygen to the hydrogen-reduced 
stoichiometric powders significantly increases 
the rate of oxygen diffusion ; subsequent removal 
of oxygen by hydrogen reduction decreases the 
diffusion coefficient to its initial, unoxidized 
value. 

The variation of diffusion coefficient with 
temperature, for the stoichiometric oxide, can 
be represented by the equation, 


D=1.2x 103 exp (— 65 300/RT); 


the activation energy is 65.3 + 5.0 kcal/mole. 
Because of the scatter of the results, only an 
estimate can be made of the activation energy 
for the oxidized MCW material. The data 


t © refers to large particle size; ‘) to small 


particle size. 
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TABLE 2 
Self-diffusion coefficients of oxygen in various uranium 
dioxides 

Teranera: Diffusion 

Powder | ture (°C) coefficient 

(em2/sec) 

EOH-UO2 445 Deomexael Onto 

465 1.0) x 10=4 

497 4.5 x 10-14 

517 4.5) LOS 

522 6.8 x 10-14 

535 3.0 < LOS 

540 4.8 x 10-14 

571 14 x 10738 

600 ere NOS 

602 3.5 > 1018 

EOH-UOs2.06 Sill aS) Se aes 

360 Yell Xe MOS 

386 4.6 x 103 

405 1.4 x 10-12 

406 6:01 10s18 

421 UPe Se MS 

442 Pil SX MOR 

465 $64 3< i) 

482 4:80 LOR 

484 SOs lO 

MCW-UOsz (J) . 550 1.9) 1056 

591 4.9 x 107% 

625 18} << IKO 

647 Bye Se Wee 

666 IS al Om 

712 S.Ole<oel Ome 

748 sy 3 Ke 

780 Ball <I 

MCW-UOs (s) . 593 5.4 x 10-1 

635 BH) IDE 

MCW-UOs.06 415 3.2 x 107-38 

503 8.4 x 10718 

550 PRAY SE I) 

600 I Se Oe 

MCW-UOs2.09 470 1.00% 10s 

551 4.4 x 10-12 

601 CHS Se IO 
MCW-UOs2.06 
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indicate an activation energy between 22 and 
32 kcal/mole. 

Oxygen diffusion in the nonstoichiometric 
EOH powders can be represented by the 
equations: + 


D U0Os 004= 7.0 x 10-6 exp (— 29 700/RT) ; 
D UOs.063 = 2.06 x 10-3 exp (— 29 700/RT). 


The activation energy is about 30 kcal/mole. 


4. Discussion 


The strong dependence of the oxygen self- 
diffusion rates on the amount of interstitial 
oxygen in the structure suggests that the 
diffusion current carriers are interstitial oxygens. 
Oxidation studies on UOz!) also point to this. 

In general, the results are not in disagreement 
with a diffusion model in which the equilibration 
of an oxygen isotopic concentration gradient in 
nonstoichiometric uranium dioxide is brought 
about by movement of the excess interstitial 
oxygen. The activation energy for diffusion in 
nonstoichiometric uranium dioxides, 22—32 kcal/ 
mole, is consistent with that found for oxidation 
studies of UOz, where a similar type of motion 
can be inferred. 

The diffusion step can be considered to be 
one in which an interstitial ion and a lattice ion 
move in combination; the lattice ion moving 
into an available neighboring interstitial site, 
and the interstitial ion moving into the vacated 
lattice site. Thus equilibration and diffusion 
both occur in the same combined step. A 
mechanism such as this, which has been called 
“interstitialey” diffusion 16), seems preferable 
from steric considerations alone than one where 
motion is directly between interstitial positions 
and equilibration results from a direct inter- 
stitial-lattice exchange. 

The much higher activation energy observed 
in the reduced MCW-UOz powder (65.3 kcal/ 
mole) suggests that the diffusion mechanism is 


Tt Subsequent to the appearance of these data 5), 
the particle radii that were used were found to be in 
error. Only the pre-exponential factor had to be 
revised. 


IN URANIUM DIOXIDE 275 
more complex in this powder than in oxidized 
ones. If it is considered that the diffusion step 
is the same in this powder as in the oxidized 
powders, that is, the diffusion current carriers 
are interstitial oxygens and the mechanism is 
the interstitialey mechanism, then account 
must be made for the creation of current 
carriers. It was mentioned earlier that the 
possibility of some small amount of surface 
oxidation may result from the presence of COz 
gas. While this possibility cannot be dismissed, 
all experiments designed to detect this have 
been unsuccessful. 

If in stoichiometric UOs the formation of 
diffusion current carriers takes place thermally, 
then a Frenkel type defect must be produced, 
that is, a lattice oxygen moves into a vacant 
interstitial position creating a lattice vacancy 
and an interstitial oxygen ion. Diffusion and 
equilibration is accomplished by the movement 
of the interstitial ion; the mobility of the 
vacancy is considered small compared to that 
of the interstitial oxygen ion. 

There are considerable differences between a 
uranium dioxide lattice with a controlled 
amount of interstitial oxygen and one with the 
amount of interstitial oxygen present that is in 
thermal equilibrium. In the first case, added 
oxygen ions result in the formation of effective 
UY! (or UY) ions. There is a resulting increase 
in density and a decrease in the lattice para- 
meter. 

The thermal creation of interstitials results 
only in the formation of an equilibrium number 
of oxygen lattice vacancies. In both cases, 
however, complex formation may result. In the 
case of the oxidized material, a UY! (or UY) 
and interstitial oxygen ion complex can form; 
for thermal creation, a vacancy-interstitial 
complex can result. 

It can be shown !’) that the relationship 
between W, the energy to form a Frenkel defect, 
U, the energy barrier for defect motion, and Z, 
the activation energy for diffusion,isH#=U+4W. 
The activation energy H, (65 300 cal/mole), is 
obtained experimentally from diffusion in the 
stoichiometric oxide; U, (about 30 cal/mole), is 
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obtained from the temperature dependence of 
diffusion in nonstoichiometric uranium dioxide. 
W, the energy to form a Frenkel defect in the 
oxygen lattice, is then about 70 kcal/mole. 


5. Summary 

The results for oxygen self-diffusion in non- 
stoichiometric uranium dioxide are not incon- 
sistent with the interstitialey mechanism. For 
this mechanism, the diffusion and equilibration 
(of an isotopic concentration gradient) steps are 
carried out by the motion of interstitial oxygen 
ions exchanging with the lattice. 

Self-diffusion in MCW stoichiometric UO: as 
a function of temperature is given by the 
relationship 


D=1.2 x 108 exp — 65 300/RT 


for the temperature range 550°—780° C. The 
mechanism is considered to be the same as that 
in nonstoichiometric uranium dioxide, and 
interstitial oxygen diffusion current carriers are 
assumed to be created thermally. The energy 
to form this type of defect in uranium dioxide 
is estimated from simple considerations to be 
about 70 kcal/mole. 

The addition of small amounts of oxygen to 
essentially stoichiometric UOz results in a large 
increase in the oxygen diffusion coefficient and 
a decrease in the activation energy. 
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The Ta/TazOs electrolyte system, when irradiated 
with y rays or electrons, has been studied in detail. 
The results are compared with those previously 
reported for irradiation with UV and X-rays. Photo- 
currents have been measured which are proportional 
to radiation intensity at low dose rates. At high dose 
rates the rate of increase of photocurrent becomes 
smaller. No significant increase in the thickness of the 
oxide has been measured after irradiation. Tantalum 
foil electrolytic capacitors were found to be convenient 
for making rapid routine measurements of photo 
effects. 


L’électrolyte Ta/Ta20Os a été étudié avec des rayons 
y ou des électrons. Les résultats sont comparés avec 
ceux obtenus précédemment avec les UV et les 
rayons X. Des courants photo-électriques ont été 
mesurés qui sont proportionnels a J intensité de 
Virradiation a faible dose. Pour de plus fortes doses, 
le taux de croissance du courant photo-électrique 


1. Introduction 


When certain metals (e.g. Ta, Nb, Zr, Al) are 
made the anode in an electrolytic cell an oxide 
film is formed whose thickness depends on the 
applied potential. Photoconductivity arises 
when the oxide film, which normally has a high 
resistance, is irradiated with an ultra violet 
source. Tantalum is a particularly satisfactory 
metal to study as the oxide films are very 
coherent and have a very small leakage or 
“dark’’ current. 

Various effects of ultra violet radiation have 
been reported by Lifschitz and Reggiani 1), 
Rosenthal?), Bar?) and Walkenhorst*). The sub- 
ject has been investigated more recently 5-9) and 
reviewed by Miller 1°). Two main effects have 
been described; an increase in the thickness of 


devient plus petit. On n’a pas mesuré d’accroissement 
sensible de l’épaisseur de l’oxyde aprés lirradiation. 
Des condensateurs électrolytiques a feuille de tantale 
furent reconnus comme pouvant convenir a des 
mesures courantes et rapides d’effet photo-électrique. 


Das Ta/Ta205 Elektrolyt-System wurde nach Be- 
strahlung mit Réntgen- und Hlektronenstrahlen im 
einzelnen untersucht. Die Ergebnisse wurden mit 
friher mitgeteilten Befunden tiber die Bestrahlung 
mit UV- und Réontgenstrahlen verglichen. Die ge- 
messenen Photostr6me sind bei niedriger Dosis 
proportional zur Bestrahlungsintensitat. Bei hoher 
Dosis erfolgt der Anstieg des Photostroms weniger 
stark. Nach der Bestrahlung konnte keine merkliche 
Zunahme der Dicke der Oxydschicht festgestellt 
werden. Tantal-Elektrolyt-Kondensatoren wurden als 
geeignet fiir rasche Routinemessungen des Photo- 
effekts befunden. 


the oxide film formed under irradiation at a 
constant potential and a potential dependent 
photocurrent with an associated photovoltaic 
or Becquerel effect. Hartmann !!) has reported 
that TazO5 is an n-type semi-conductor and the 
initial photocurrent is believed to be electronic 
in character. The onset of film growth, which 
occurs after an induction period 7~®) is not fully 
understood. 

Young °) has obtained a photocurrent using 
40 kV X-rays and it is our intention to extend 
the work using electron or y radiation sources. 
These sources will give rise to very much 
smaller radiation induced currents than an 
ultra violet lamp and a considerable develop- 
ment of measuring technique was therefore 
necessary for their detection. Some differences 
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in the nature of the photocurrents may arise 
since electron beams and y rays will penetrate 
the whole of the oxide film, whereas ultra violet 
radiation is completely absorbed at or near the 
irradiated surface. 

A practical application of the photoconduct- 
ivity phenomenon to develop a radiation dosi- 
meter with, perhaps, the ability to measure the 
spatial distribution of flux without the need 
for elaborate shielding and collimating systems 
has been investigated. In addition, the radiation 
induced corrosion of metals which are normally 
protected from galvanic corrosion by a coherent 
oxide film has been considered. Charlesby 1%) 
has made a study of this kind of problem and 
Magee 18) has demonstrated film breakdown 
following the reactor irradiation of solid dielec- 
tric tantalum capacitors. 


2. Experimental 


50 wu (0.002”) thick tantalum foil (Murex Ltd., 
99.9 9% minimum purity) was chemically pol- 
ished in an etch bath ’) and anodically oxidised 
in 0.01 N HeSO, solution using a platinum 
cathode and a constant current device 14) 
modified to permit anodising at current densities 
as low as 1 wA. A Pye “Scalamp”’ galvanometer 
(range 10-8 A to 10-3 A) and an “Avo” D.C. 
amplifier type 1388B (range 10-13 A to 10-6 A) 
in conjunction with a Honeywell Brown 
“Electronik’”’ potentiometer recorder measured 
the current. Cells were polarised during the 
measurement of photocurrent by a simple 
device which permitted continuous variation 
of potential and consisted essentially of a 
potential divider across dry batteries. 

The oxide films normally exhibited leakage 
currents no greater than 10-8 A. The usual 
source of leakage was electrolyte creep to an 
oxide-free metal surface. Only by eliminating 
the creep could the high resistance of the film 
be measured accurately. Many methods were 
investigated, but none was completely satis- 
factory. Those previously reported 6 7, 15, 16) 
as well as many other adhesives (e.g. Picein 
wax, Araldite 1, Dekhotinsky cement No. 2, 
Cow gum, Impact adhesives, Durofix) were 
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unsatisfactory when painted onto the foil to 
form a barrier to the electrolyte creep. Only 
an ““O” ring seating onto the oxide film itself — 
in specially constructed cells (A and B fig. 1) 
was acceptable. 

The 600 curie Co® y» source 1”) used in most 
of the experiments provided a maximum dose 
rate of 3101? eV/cm? min in 0.8 N H2SOQu.. 
The dose rate could be reduced by increasing 
the distance between the source and the experi- 
mental position. The radiation flux led to 
spurious ionisation currents arising from leakage 
between electrical connections to the irradiation 
cell. To minimise these effects a specially 
screened connecting cable (Uniradio 54) was 
employed and all other leads were immersed in 
silicone oil (MS. 200). 
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Fig. 1. Irradiation cells. 
A. To reference electrode H. Cathode 
B. Glass I. Graphite monitor plate 
C. Tufnol J. Electron beam 
D. Brass K. Capacitor 
EK. Tantalum L. Silicone. Oil 
F. Electrolyte T. Thread 
G. UV source 
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Cell A while being excellent for low leakage 
currents was unsuitable for the complete 
elimination of ionisation effects. Commercial 
tantalum foil capacitors (“Stantelum’’, Stan- 
dard Telephones and Cables, Ltd) which pos- 
sessed very low leakage currents yet had a 
large area of oxide film, were employed. Typical 
values of dark currents and ionisation currents 
obtained using cell C are shown in fig. 2. The 
photocurrent could be evaluated by subtraction 
of these from the total measured current. Using 
cell D, the capacitor and its connections were 
immersed in silicone oil. This reduced ionisation 
currents to an unmeasurably small value. Most 
of the results were obtained with cells of this 
type, although similar results, with much less 
reproducibility, were obtained using cell C or 
free foil electrodes. 

When a condenser was irradiated the dark 
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Fig. 2. Magnitude of currents measured in cell C 
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current subsequently rose slightly 19) and stan- 
dardised conditions were necessary to obtain 
reproducibility. The dark current was measured 
two minutes after a potential had been applied 
across the oxide and the total irradiation current 
was measured 30 seconds after the start of 
irradiation. By detaching one of the electrical 
connections at the capacitor the ionisation 
current was obtained. 

Cell B was used in conjunction with a high 
pressure mercury discharge lamp (MAZDA, 
type MBW/U) or an electrostatic generator, to 
irradiate oxide films with UV or electrons. The 
UV irradiations took place from above through 
about 5 mm of electrolyte. The intensity was 
varied by altering the distance of the lamp 
from the cell. The electron beam, however, 
passed through the base tantalum from below 
before entering the oxide. The beam current 
was measured to a target of graphite pierced 
by a 5 mm hole through which the cell was 
irradiated. By previous calibration, in which 
the cell was replaced by a subsidiary target, it 
had been found that the beam current to the 
cell position was =th of the current to the 
massive graphite block. The instability of the 
electron source made measurements inaccurate 
and unreliable at beam currents greater than 
5 wA. Consequently, all results were obtained 
by simultaneous measurement of beam and cell 
current. 

The thickness of oxide films was deduced 
from the forming voltage, assuming 15.0 A of 
oxide are formed for each volt of applied 
potential 15). The forming voltage of capacitors 
was obtained from the manufacturers and was 
confirmed by colour comparison with a standard 
interference wedge. 


3. Results and Discussion 


3.1. PHOTOCURRENT-FIELD RELATIONS 


Fig. 3 illustrates the relation between the 
field within the oxide film and the photocurrent 
obtained using a range of capacitors with the 
same thickness oxide film (3000 A), but with 
the apparent surface area varying from 19 cm? 


Photocurrent (pA cm-x10°) 


1 2 3 4 5 
Field (x107°V em ) 


Fig. 3. Photocurrents from various capacitors under 
y radiation, 3000 A TazOs film: A 10 uF, 185 em?, 
® 4 uF, 75 cm2, © 2 uF, 39.8 em?2, 1 uF, 19.1 cm?. 


to 187 cm?. Direct proportionality between 
photocurrent and surface area is apparent. To 
confirm that the capacitors had the same 
characteristics as Ta2O; film in a conventional 
electrolytic cell, a series of results were obtained 
in cell A with polished tantalum sheet anodised 
at 200 V. The apparent surface area of oxide 
was 2 cm?. In this experiment the cathode was 
located outside the radiation field by the use 
of apparatus previously described 18). The 
results are shown in fig. 4 and are compared 
with results from fig. 3. The apparent negative 
photocurrent at low fields arises since it was 
obtained as the difference between two large 
quantities — the total measured radiation current 
and the ionisation current. For example, at 
100 V applied potential the photocurrent was 
only one tenth of the measured current. The 
behaviour is essentially similar to that shown 
in fig. 3 and justifies the employment of capac- 
itors instead of a conventional electrolytic cell. 

Fig. 4 also illustrates the currents arising 
under electron radiation at much higher dose 
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rates in cell B. Although the photocurrent has 
now increased by 103 the relationship is still 
similar to fig. 3. The insert shows the results of — 
Young obtained with X and UV irradiation 
using a film of similar thickness in a quite 
different cell, and again the qualitative depend- 
ence of photocurrent on field or voltage is the 
same. Unfortunately, the results are too diverse 
to allow any quantitative correlation. 

Using films of different thicknesses, the 
proportionality between photocurrent and sur- 
face area of film was maintained. However, the 
dependence of photocurrent on the field varied 
with the thickness of the oxide. A series of 
results obtained using capacitors are shown in 
fig. 5. The photocurrent is almost proportional 
to field in films less than 500 A thick, but in 
thicker films the rate of increase of photo- 
current rises rapidly at high field. This probably 
corresponds to a change in the mode of con- 
duction in the thicker films and is similar to 
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A, TagOs5 film in cell A. --- Capacitors from fig. 3. 
© TazOs film in cell B subjected to 1.7 wA electron 
irradiation. Insert from ref. 6) (2680 A film). 


RADIATION ON THE TANTALUM-TANTALUM OXIDE ELECTRODE 


3 


ge 
.e) 
x 
oO! 
£ 
ete 
< 
>? 
25 
(‘S 
oD) 
<< 
(= 
=. 
12) 
Oo 
aa) 
re) 
Bes 
eu 


- 6 
Field (x107~°V/em) 


Fig. 5. Variation of photocurrent with field and 

thickness of oxide film. (y radiation) A, 120 A. 
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the results obtained by Young with UV radi- 
ation which are reproduced in the insert. The 
thin films have a value of leakage resistance 
under irradiation (applied voltage/photocurrent), 
which is constant over the range of fields 
investigated whereas the resistance of thicker 
films falls as the field is increased. This is 
compatible with a breakdown mechanism in the 
films which is dependent on existing crystal 
defects or pores. These are probably more 
numerous in the thicker films, formed at a 
higher voltage. 


3.2. PHOTOCURRENT — DOSE RATE RELATIONS 


Fig. 6 shows the linear relationship between 
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Fig. 6. Photocurrent vs. dose rate to film. ©, cell 
A, Ta foil. A, cell D, capacitor. Insert from ref. &). 


dose rate and photocurrent measured under 
y radiation; the slope representing 2.5 x 10-99 A 
eV-1 min. The graph is similar to the results of 
Young for X and UV radiation. However, using 
both UV and electron irradiation the rate of 
increase of photocurrent was found to decrease 
logarithmically (logio9 7 = 0.1671—1.409) with in- 
tensity (fig. 7) in agreement with the work of 
Bar 3). Young suggested that a linear relation- 
ship was obtained only if a relatively homo- 
geneous UV or X-ray source was used for the 
irradiation. He states that the use of a Back- 
strom filter resulted in curved relations similar 
to Bar’s, whereas the introduction of a second 
filter gave a nearly linear variation of photo- 
current with intensity. In the present work the 
electron beam was homogeneous, but does not 
give a linear relation. It is therefore, suggested 
that at very low intensities as from the y source, 
a linear relation is obtained but at higher 
intensities the logarithmic relationship applies. 
This may arise from the very significant direct 
radiation heating of the specimen at high 
intensities. It is unfortunate that Young only 
reports arbitrary units in his UV work so that 
no comparison of the photocurrents involved 
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Fig. 7. Variation of photocurrent with 1 MeV 
electron irradiation and with UV irradiation. Line 
drawn according to logio I = 0.1677—1.409 150 V 
applied to film. A, UV radiation. 0, 
radiation. Insert from ref. 3). 


electron 


can be made. The X-ray data extends to a 
photocurrent of only 0.15 wA where a linear 
relation may be expected to hold. The work of 
Bar involves photocurrents up to 300 wA and 
the curvature of his plot is pronounced below 
100 wA. 


3.3. RADIATION INDUCED OXIDE GROWTH 


Experiments to measure any enhanced growth 
of oxide under irradiation were carried out 
using cell D containing a 10 wF, 150 V capacitor. 
After a dose equivalent to 1023 eV/cm? in 
0.8 N HeSO. no difference in the thickness of 
the oxide film could be detected visually. In 
addition, a clean piece of oxide-free tantalum 
in cell B was half shielded from the electron 
beam by a sheet of lead. The tantalum was 
anodised at 150V at an initial current of 
15 wA/cm? and exposed to an electron current 
of 1.7 wA (2x 1023 eV/cm3 hr in 0.8 N HsSO. 
simultaneously). After 60 minutes no difference 
in colour could be detected between the shielded 
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and unshielded portions of the oxide formed. 
The photocurrents even under electron irradi- 
ation (10 wA/em2) would lead to the formation — 
of less than 1 A of oxide/minute even if all the 
current was ionic. It is unlikely that a difference 
in thickness of 60 A would be detected by 
inspection in a film 3 000 A thick. Consequently 
no firm conclusions can be drawn from the 
results concerning enhanced growth under 
radiation. However, as all the other results 
show a close similarity to UV work it is probable 
that radiation growth is in fact taking place. 


3.4. TasO5 AS A RADIATION DOSIMETER 


The possibility of using Ta2O5 as a dosimeter 
may now be considered. The linear relationship 
between photocurrent and dose rate at low 
dose rates suggests that it should be practicable, 
and by the use of an amplifier sensitive to 
10-18 A dose rates as low as 1 rad/minute can 
be detected. However, the experimental com- 
plexities necessary for the precise measurement 
of such small currents are considerable and the 
elimination of ionisation currents presents 
serious difficulties. The films would have greater 
application for the measurement of higher dose 
rates where the logarithmic dependence of 
photocurrent on radiation intensity would be 
advantageous. It might serve to extend the 
range already covered by CdS photoconducting 
devices 19), One particular advantage of the 
Taz2O5 element is that the film shows no sign 
of ageing or fatigue even after irradiation for 
several weeks in the y source. Most organic or 
inorganic semiconducting devices have a rela- 
tively short working life 2° particularly if the 
quantum energy of the radiation is high. 

In addition, the sensitivity of flat plates of 
oxide to the spatial distribution of radiation 
has been demonstrated qualitatively in a 
number of experiments, but as capacitors could 
not be used in this work, sensitivity was low. 

If the TagO5 were used as a dosimeter the 
highest sensitivity would be obtained from the 
use of thick films (+1000 A) at a high field 
(e.g. 3000 A film at 150 V). 


RADIATION ON THE TANTALUM-TANTALUM 


4. Summary 


4.1. Electrolytic cells have been developed to 
measure photocurrents of 10-19A under y 
radiation. 


4.2. Photocurrents, analogous to those previ- 
ously obtained under UV or X radiation, have 
been measured under y and electron radiation. 


4.3. At low radiation intensities photocurrent 
and radiation intensity are proportional to each 
other and at high intensities they are logarith- 
mically related. 


4.4. The possibility of using the element as a 
dosimeter has been considered. Its main dis- 
advantages are complexity of measuring equip- 
ment and the presence of background ionisation 
currents. 


4.5. The small size of the photocurrents made 
it impossible to measure radiation induced 
growth of the oxide film, but the similarity of 
these results to those reported for UV radiation 
suggest that radiation induced growth is 
occurring. 


The authors thank Dr. W. Wild for helpful 
criticism and discussion during the course of 
this work. 
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A simple method, which involves first coating the 
specimen with a thin plastic film, permits the exami- 
nation of plutonium in an unmodified commercially- 
made electron beam micro-analysis instrument, with- 
out incorporating it in a glove box. No contamination 
of the apparatus with radioactivity was experienced. 
The results obtained in this way concerning the 
micro-distribution of elements in a series of plutonium- 
iron alloys are presented and discussed. 


Une méthode simple, qui est basée sur un premier 
revétement de l’échantillon avec un film plastique 
mince, permet l’examen du plutonium dans une sonde 
électronique de microanalyse classique non modifiée, 
sans qu'il soit nécessaire de l’incorporer dans une 
boite a gants. Aucune contamination radioactive ne 


1. Introduction 


Although the technique of X-ray micro- 
analysis is a comparative newcomer to the field 
of metallurgical analysis, its successful appli- 
cation to problems concerning metal behaviour 
has already been well illustrated in published 
work (see for example !.2:3)), The principle con- 
sists of irradiating the specimen with a finely- 
focussed (~ 1 dia.) beam of high-voltage 
electrons. The characteristic X-rays emitted 
from elements contained within the irradiated 
area are analysed and estimated qualitatively 
and quantitatively. The comparatively high 
resolution of the electron beam makes possible 
the study of highly localised changes in concen- 
tration of the elements. Uses to which the new 
technique has been put are numerous and 
include studies of such phenomena as selective 
oxidation during scaling, diffusion and inclusion 
analysis. 

The purpose of the present investigation was 


fut ainsi observée. Les résultats obtenus de cette 
maniére concernant la micro-répartition des éléments 
dans une série d’alliages Pu—Fe sont présentés et 
discutés. 


Es handelt sich um eine einfache Methode, bei welcher 
der Probek6érper zuerst mit einem dtinnen Plastik- 
film ummantelt wird, der die Untersuchung von 
Plutonium in einem nicht abgeaénderten, herkémm- 
lichen Elektronenstrahl-Mikroanalysen-Instrument er- 
laubt. Das Geraét wird dabei nicht in eine Glove-Box 
eingeschlossen. Es entstand keine radioaktive Ver- 
unreinigung. 

Die auf diese Weise erhaltenen Ergebnisse be- 
schreiben die Mikro-verteilung von Elementen in einer 
Reihe von Plutonium-Hisen-Legierungen. Die Ergeb- 
nisse werden aufgefiihrt und diskutiert. 


to use the micro-analysis technique to study 
plutonium and its alloys. A method for exami- 
ning radioactive material in an unmodified 
commercially-made instrument is described 
below, together with a discussion of the results 
obtained from an examination of a series of 
Pu-Fe alloys. Replicas of the specimens were 
taken for electron micrography. 


2. Experimental Details 


The microbeam analyser is standard equip- 
ment manufactured by the Cambridge Instru- 
ment Co. Ltd., with scanning facility as de- 
scribed by Cosslett and Duncumb “), Duncumb 5) 
and Duncumb and Melford 6), 

The AWRE instrument can be used to detect 
elements of atomic numbers from Z=22 (Ti) 
upwards. There is not yet provision for ex- 
tending the range of detection to elements 
below 22. 

The first section of the work was concerned 
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with the radioactive problems involved in 
handling plutonium and in particular, the loose 
activity inevitably associated with a plutionum 
surface; even a highly polished plutonium 
specimen would quickly contaminate the speci- 
men chamber if introduced in the micro- 
analyser. Consequently a series of experiments 
were first carried out to find a suitable method 
of fixing loose activity. 

A metallographically-prepared plutonium 
specimen was coated with a solution of 1/2 % 
formvar in chloroform, the excess solution was 
- drained off and the specimen allowed to dry. 
The loose activity was found to be effectively 
fixed by the film and, provided the coated 
sample was handled carefully, little or no 
environmental contamination occurred. 

The effect of the thin formvar coating upon 
microanalysis results was then investigated. For 
this purpose a specimen was prepared by 
electroplating nickel and then copper layers of 
decreasing thicknesses (approx. 5m, 2m, lu 
and 1/2) alternately onto a copper sheet. 
Microanalysis was carried. out on a metallo- 
graphically-prepared section through this multi- 
sandwich before and after applying a coating. 
Whilst the formvar affected the quality of the 
scanning electron image, the resolution of the 
X-ray image was found to be the same in both 
cases (better than 1 ~). No charging-up of the 
coated specimen was experienced. A reduction 
of X-ray intensity was observed and the effect 
of this upon quantitative results is dealt with 
in a following section. 

Carbon coatings prepared by evaporation 
onto the Cu-Nisandwich gave improved electron 
pictures as compared with the plastic formvar 
films’ but their effectiveness in fixing loose 
activity has not yet been determined. 

The starting point for microbeam analysis is 
the preparation of a surface as for conventional 
metallography. In the case of the plutonium-iron 
alloys this consisted of mechanically polishing 
the specimen (0.6 cm diam. x 0.3 cm thick) upon 
successively finer grades of abrasive material 
and finishing with a cathodic etch 7). 

Replicas were taken from the prepared surface 
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using cellulose acetate film 25 u thick. One end 
of a piece of film, 1 em x2 cm, was softened 
with a drop of acetone, applied to the specimen 
and allowed to dry. After stripping it was 
monitored. The first replica, which showed the 
highest level of activity (~ 10-4 microcuries) 
was discarded. Succeeding replicas (~ 3 x 10-6 
microcuries) were shadowed at an angle of 
tan! 0.1, except in the case of the Pu —90 % 
Fe alloy (tan! 1), with gold — 40 % palladium 
alloy, and coated with a thin layer of carbon. 
After dissolving away the formvar the shadowed 
carbon films were sandwiched between two 
specimen grids for electron microscopy. Negli- 
gible contamination of the electron microscope 
(a Metropolitan Vickers EM3 instrument) was 
found after examination of sixteen replicas 
prepared in this manner. 

After replication, the specimen was prepared 
for X-ray microbeam analysis by coating it with 
formvar and inserting it into the holder supplied 
with the instrument. Electrical continuity was 
made when the specimen supporting screw was 
tightened in the holder, thereby breaking 
through the coating on the rough under-surface 
of the specimen. 

The only part of the plutonium now visible 
was the metallographically-prepared formvar- 
coated surface. The vacuum air-lock was used 
for inserting the holder containing the sample 
into the analyser. 


3. Experimental Results 


3.1. GENERAL 


Quantitative analysis is carried out using 
standards of known composition (in the present 
work pure iron was used) and comparing the 
observed X-ray intensities. Castaing 8) assumed 
to a first order approximation a simple linear 
relationship between X-ray intensity and com- 
position, but it has been observed in many 
cases that this assumption is inadequate. 
Analytical errors are introduced by the pheno- 
mena of fluorescence and self-absorption. The 
effect of fluorescence, which causes excitation 
of Fe K «-radiation (K absorption edge= 
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1.744 A) by the characteristic plutonium L- 
radiation, would be expected to be insignificant. 
Errors caused by the absorption of iron X-rays 
in plutonium, resulting in lower recorded values 
for iron content when comparison is made with 
respect to pure iron, could however be appreci- 
able. The mass absorption coefficient for Fe K «- 
radiation in plutonium is given as 901 9), and 
in iron as 72.8. If the method of calculating 
absorption described by Birks 1°) is assumed, 
the excited Fe K «-radiation would be reduced 
to approximately one half the original intensity 
for iron concentrations of 25 wt % or less. The 
higher the iron content, the smaller the absorp- 
tion effect and 81 wt % iron would be recorded 
for an actual 90 wt % iron-plutonium alloy. 

Experiments carried out using the copper- 
nickel sandwich and the pure iron specimen 
showed that the presence of a formvar coating 
reduced the intensity of collected X-rays, which 
indicates that in addition to X-ray absorption 
effects as described above, the plastic film itself 
is a contributory source of error. While the 
coating is practically transparent to X-rays it 
could result in an appreciable loss of energy of 
the incident probe electrons. 

Some of the electrons passing into the speci- 
men suffer absorption in the coating and have 
insufficient energy to excite characteristic X- 
rays. Since they contribute to the probe current, 
a correction to quantitative values has to be 
made for the relative reduction in X-ray inten- 
sity. The amount of correction depends upon 
the thickness of coating traversed by the 
electron beam and hence additional errors are 
introduced by variations in thickness of coating, 
both from specimen to specimen and from one 
region to another on a single sample. 

The loss of X-ray intensity due to electron 
absorption in the coating can be minimised 
using high probe voltages. For example, at 
20 kV the X-ray intensity was reduced by 10 % 
due to the coating, while at 35 kV, as a result 
of the increased penetration of electrons into 
the specimen and the smaller relative effect of 
the coating, a smaller correction factor (~ 5 %) 
was necessary. Thus, while lower probe voltages 
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are in general to be preferred for better resolu- 
tion of microstructure, higher voltages were 
more usually used in the present work in order 
to reduce the errors introduced into quantitative 
measurements by the coating. Bulk analysis 
values were achieved by counting while scan- 
ning an area of the specimen and were made at 
low magnifications (i.e. scanned area 400 u 
square) in order to average out local variations 
in coating thickness. Using a similarly coated 
iron standard did not entirely eliminate this 
error, although it was not expected to be 
greater than + 5 %. 

The analysis figures given in this paper have 
not been corrected for self-absorption of X-rays 
and can therefore only be regarded as semi- 
quantitative. Electron absorption in the coating 
has been taken into account and the values 
obtained normalized to bring the sum of the 
individual components to 100%. If Birks’ 
method for calculating self-absorption were 
applied to the analysis, the values for bulk iron — 
content would be appreciably higher than those 
indicated by chemical methods, particularly 
with regard to alloys at the plutonium-rich end. 
While Birks’ correction is possibly of the right 
order of magnitude, confirmation of the degree 
of absorption taking place will necessitate 
microbeam analysis on a series of iron-plutonium 
specimens of known compositions. 


3.2. 


The sample was a cast billet of «-plutonium 
to which carbonyl iron was added. Chemical 
analysis indicated 0.38 wt % iron. This specimen 
together with the 1% and 2.5 % iron alloy 
had previously been used for dilatometric 
measurements. 

An optical micrograph of the polished and 
etched surface is illustrated in fig. 1 and shows 
metal grains of about 10 uw diam. surrounded 
by a clearly defined grain-boundary constituent. 
An electron micrograph, fig. 2, shows the 
structure in finer detail, a considerable difference 
in etching rates being noted between the grain 
and surrounding material. The angle of shadowing 
indicates that the grain-boundary constituent 
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is removed by etching more rapidly than the 
grains themselves. 

Fig. 3 is a scanning electron picture obtained 
with the microbeam analyser. An analysis using 
the spectrometer was taken with a stationary 
probe (1 yw diam.) positioned on the grain- 
boundary. Part of the recorder trace is shown 
in fig. 7. Peaks A and B are the K « and K f 
lines from iron while C was confirmed using 
pulse-height analysis methods to be a second 
order reflection of plutonium. Measurement of 
the lines with respect to the K « emission from 
iron (1.936 A) gave a value of 0.866 A for the 
C peak (Lx). No other elements (of atomic 
number greater than 21) were detected. The 
D peak might also be a plutonium line, but it 
could not be identified owing to lack of published 
data. Fig. 8, a similar trace from an area with- 
in the grain, shows little or no evidence of 
iron. 

A mean value for the iron content of this 
specimen (obtained while scanning in order to 
minimize micro-segregation effects) was 
0.40 +0.02 wt %. Spot (~ 1 diam.) analyses 
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Pu—0.38 wt % Fe alloy. Optical micrograph. 
x 1000 
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Fig. 2. As fig. 1. Electron micrograph. 


~ x 4000 


indicated up to 3 % iron in the grain-boundary 
constituent and <0.1 °% within the grains of 
plutonium. The distribution of iron is illustrated 
in fig. 4, the bright areas corresponding to iron. 
The white spots within the grain arise as a 
result of electronic ‘“‘noise’’ and are not due to 
iron. Figs. 5 and 6, using-a reduced scan show 
more clearly the grain-boundary iron content. 


3.3. 


The results obtained from this specimen were 
closely similar to those from the previous ex- 
ample. Optical and electron micrographs showed 
a structure of similar grain size but with a 
greater amount of grain-boundary constituent. 
Microbeam analysis indicated a bulk value for 
the iron content of 0.95 +0.05 wt % (cf. chemi- 
cal analysis 1.01 wt %). Less than 0.1 wt °% iron 
was found in the plutonium grains but up to 
3wt % iron was present in the surrounding 
grain-boundary material. 


Pu-1.0 wt % Fe aLttoy 
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3.4. Pu-2.5 wr % Fe aLLoy 


The optical and electron micrographs, fig. 9 
and fig. 10 respectively, show a greater extent 
of material surrounding the grains of plutonium 
as compared with the previous examples. Within 
this grain-boundary constituent, which is etched 
more rapidly than the grains, occurs a fine 
striated structure. The striations are regions of _ 
very rapid etching and their direction tends to 
follow the surface of the plutonium grains. 

Microbeam analysis showed less than 0.1 wt % 
of iron contained within the grains of plutonium, 
almost all the iron being present in the sur- 
rounding material-approx. 3 wt %. 

Fig. 3. Pu-0.38 wt % Fe alloy. Scanning electron Comparative electron and iron X-ray pictures 
image. x 2000 are illustrated in figs. 11 and 12 respectively. 
A distance-intensity plot, fig. 13, along the 
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Fig. 7. Pu-0.38 wt % Fe alloy. Spectrometer trace 
from grain-boundary. 


Fig. 4. As fig. 3. X-ray Fe Ka image. x 2000 
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line AA’ (fig. 12) demonstrates in a semi- 
quantitative manner the distribution of iron. 
The abrupt change in iron content at grain- 
boundaries is particularly in evidence. A more 
detailed examination of the boundary was re- 
stricted, owing to the limited resolution (~ 1) 
of the electron probe, and to the factors dis- 
cussed in the following paragraphs. 

The slightly assymmetrical line trace AA’ 
was reproducible. A more gradual slope at 
interface B as compared with B’ could be 
attributed to partial absorption of Fe K « 
X-rays by the plutonium in close proximity 
to B which lies in their path. This effect is 
associated with (a) surface roughness and/or 
(b) X-ray emission from sub-surface features 
not visible optically. 

In the first case, differences in etching rate 
result in the grains of plutonium standing 
oe / proud of the remainder of the material; the 
Fig. 9. Pu-2.5 wt % Fe alloy. Optical micrograph. interfaces then meet the surface in steps. Since 

x 1000 the emitted X-radiation is collected at an angle 
of 20° with the surface, it follows that it would 
be partially absorbed while on its way to the 
spectrometer by intercepting surface projections 
of plutonium, i.e. at an interface such as B. 

To explain the second effect, let us suppose 
that the interface B is inclined at an acute 
angle to the mean surface of the plutonium 
grain. The electrons penetrate into the surface 
and excite X-rays from the iron-containing 
constituent lying just below the interface. This 
Fe F « radiation would then be absorbed by 
the plutonium in the uppermost surface regions 
to an extent varying with thickness of super- 
incumbent plutonium. An apparently more 
gradual change in iron concentration would be 
recorded. 

The effect upon resolution of (b) would be 
less marked for heavily-absorbing elements such 
as plutonium than for lighter elements (e.g. 
beryllium), owing to the lower depth of electron 
penetration into a heavy-metal surface. This 
is in contrast to (a), where the heavily-absorbing 
materials cause a greater reduction in intensity 

: of X-ray emission. 
Fig. 10. As fig. 9. Electron micrograph. x 4000 The bulk value obtained for the iron content 


290 Vir. Die 


11. Pu-2.5 wt % Fe alloy. Scanning electron 
image. x 2000 


was 2.67 wt %, which compares closely with the 
chemical analysis figure of 2.62 wt %. 


3.5. 


This specimen, provided by the Metallurgy 
Division, AERE, Harwell, was made by adding 
10 wt % plutonium metal to iron. As is shown 
below by microbeam analysis, the plutonium 
was in fact added to an alloy steel and not to 
pure iron. 

The optical micrograph, fig. 14, clearly shows 
metal grains surrounded by a eutectic mixture. 


Pu-—90 wr % Fe aALLoy 


An electron micrograph, fig. 15, reveals in the 


Fig. 12. 


As fig. 11. X-ray Fe K « image. 


x 2000 


SCOTT 


uppermost surface regions of the specimen small 
areas which are insufficiently etched at this stage 
to show clearly the eutectic interface. The dark 
dendritic regions are etched less rapidly than 
the eutectic. 

An analysis carried out with the probe 
positioned within one of the dark regions seen 
in fig. 14, showed high iron content, (~ 97 wt %), 
some chromium (~ 3 wt %), but negligible plu- 
tonium (<0.l wt %). An attempt was then 
made to obtain an analysis of the eutectic by 
reducing the area of scan so as to confine it to 
a small area of interest. Thus the composition 
of a surface layer of an area 6 square was 
estimated, by counting while scanning, to be 
75 wt % iron, 2 wt % chromium and 23 wt % 
plutonium. A second analysis of the eutectic 
was made, this time with a stationary probe 
positioned on a small area (lj diam.) of 
maximum plutonium content. Values of 48 wt % 
iron, 2 wt % chromium and 50 wt % plutonium 
were indicated. The two analyses are at variance 
and to determine which of these represents the 
eutectic composition the boundaries of the 
constituent have to be considered with relation 
to the irradiated area. The electron micrograph, 
fig. 15, indicated that any small scanned area 
would include some dendrites of iron in the 
analysis and that the spot (1 wu diam.) analysis 
is more likely to give the correct eutectic com- 
position. Figs. 16 to 19 are electron, iron K «a, 
chromium K « and plutonium L « images 
respectively, showing the distribution of the 
three elements, i.e. grains with a high iron 
content, relatively high chromium and negligible 
plutonium, and the eutectic mixture of lower 


Fig. 13. Distance-intensity trace across fig. 12. 


Fig. 14. 


Fig.-15. 
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Pu-90 wt % Fe alloy. Optical micrograph 


x 1000 


Vie Z. 


As fig. 14. Electron micrograph. 


x 4000 


iron with correspondingly low chromium and 
high plutonium content. 

A bulk analysis of the material indicated 
87.4 wt % iron, 10.2 wt % plutonium and 
2.5 wt % chromium. 


4. Discussion of Results 


The main purpose of these experiments was 
to examine the problems associated with micro- 
beam analysis of plutonium and its alloys. A 
method of coating a specimen using a plastic 
film was developed which thereby fixed loose 
activity and enabled analysis to be carried out 
successfully in an unmodified commercial instru- 
ment without incorporating it in a glove box. 
Little deterioration of either the coating or the 
metal surface occurred over a period of a week 
while the specimen was being examined inside 
the evacuated chamber of the analyser. How- 
ever, when the specimens were later re-examined 
in the instrument, after being kept for two 
months in air, it was found that atmospheric 
corrosion resulted in some contamination of the 
analyser specimen table. Thus, the importance 
of always using freshly prepared metallographic 
surfaces for microbeam analysis is clearly 
evidenced. 

The effect of the coating upon both qualitative 
and quantitative analysis has been investigated 
and partially compensated for by (a) using 
similarly-coated standards and (b) operating at 
suitable probe voltages to minimize electron 
absorption within the coating. The accuracy 
and sensitivity of the analysis is illustrated in 
the examples described above. 

The values for average iron content of the 
alloys obtained using X-ray microbeam analysis 
agree fairly closely with the chemical analysis 
figures and suggest that much smaller additions 
to plutonium could be detected, as low as 
0.1 wt %. Microbeam analysis clearly illustrated 
the segregation of elements within the specimens. 

The plutonium -0.38 wt % iron alloy showed 
a structure consisting of primary plutonium 
surrounded by a plutonium-iron constituent. 
Reference to the published plutonium-iron 
phase diagram 11) (see fig. 20) indicates that 


Fig. 


16. 
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Pu-90 wt % Fe alloy. Scanning electron 


image. x 2000 


As fig. 16. X-ray Fe K « image. 


ee 


As fig. 16. X-ray Cr K « image. 


x 2000 


Fig. 19. As fig. 16. X-ray PuLa« image. xX 2000 


at equilibrium a structure of «-plutonium sur- 
rounded by an eutectic mixture of «-plutonium 
and PusgFe would be expected to occur, the 
eutectic containing 2.7 wt % iron. Microbeam 
analysis of the grain-boundary constituent 
indicated up to 3 wt % iron, which suggests 
that it contains less plutonium than the equili- 
brium eutectic. The small differences in iron 
content, which is close to the accuracy limit 
in the present work, would be increased by 
taking absorption effects into account. How- 
ever, absorption corrections using Birks’ method 
appear in this case to involve over-correction 
since it is implied that more iron is contained 
in the eutectic mixture (corrected figure= 
6 wt %) than in pure PugFe (3.8 wt %). 

The results from the 1.0 and 2.6 wt % iron 
alloys were similar to the above example, again 
showing primary plutonium surrounded by an 
eutectic mixture (see fig. 20) containing PugFe 
with less than the equilibrium amount of 
plutonium. With the increased iron content an 
increased amount of eutectic was observed. 
The identification of regions of pure PugFe was 
prohibited by probable analytical errors in- 
curred through not correcting for absorption: 
furthermore, this phase would not be revealed 
if on too fine a scale for resolution by the 
electron probe. The fine eutectic striations 
(~ 0.1 w wide) illustrated in electron micro- 
graphs are interesting and could possibly be 
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Fig. 20. The plutonium-iron system. 
associated with a higher PugFe content. A 
detailed micro-analysis of the eutectic boundary 
was also limited by the probe resolution and 
absorption effects. In the case of the 2.6 wt % 
alloy little variation in constitution across the 
eutectic was observed; the change in iron 
content (from 3 wt % to- <0.1 wt %) occurred 
suddenly at the boundary within a distance of 
approximately 1 uw. 

The structure of the plutonium-90 wt % iron 
alloy consisted of iron dendrites surrounded by 
an eutectic mixture of iron and PuFes. A small 
amount of chromium was found associated with 
the iron content showing that an alloy steel 
rather than pure iron had been used in the 
manufacture of this sample. Assuming that the 
chromium behaves in a similar way to iron in 
plutonium, an eutectic composition containing 
50 wt % plutonium would be expected (fig. 20), 
which microbeam analysis confirmed; with the 
probe positioned on the eutectic a composition 
of 48 wt % iron, 2 wt % chromium and 50 wt % 
plutonium was indicated. 

In conclusion, the above examples illustrate 
the value of microbeam analysis for the deter- 
mination of the composition of phases and its 
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use as an aid to the construction of phase 
diagrams. However, fluorescence, absorption 
and the relationship between the boundaries of 
component phases and the volume irradiated 
by the probe have obviously to be carefully 
considered when carrying out quantitative 
analysis of the individual constituents. 

Future work will include an evaluation of the 
self-absorption effect for plutonium-iron alloys, 
but first an accurate determination of the errors 
introduced into the analysis by the coating 
must be carried out; for the latter study, it is 
hoped to apply more uniform and reproducible 
films by carbon evaporation. 
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Separate single crystals of uranium dioxide were 
obtained by the electrolysis of uranyl chloride in fused 
alkali metal chloride melts at potentials below the 
apparent decomposition potential for the reaction: 
UOc2Cle + UOzg + Cle, and at low cathode current 
density. Electrolysis was carried out using a platinum 
cathode and a carbon anode. Uranium dioxide crystals 
of cubo-octahedral habit were grown on the cathode 
to a size of about 3 mm across and a mass of about 
50 mg. A side reaction was observed which could be 
controlled to result in crystals at the cathode having 
compositions approximating to UOse, UsO»9 or UzOs. 


Des monocristaux isolés de bi-oxyde d’uranium ont 
été obtenus par électrolyse de chlorure d’uranium 
dans des bains de chlorure de métaux alcalins fondus 
a des potentiels inférieurs au potentiel apparent 
de décomposition suggéré par la réaction: UOeCl. > 
UOz + Cle et pour une faible densité de courant 
cathodique. L’électrolyse a été effectuée en se 
servant d’une cathode de platine et d’une anode 
de graphite. Des cristaux de bioxyde d’uranium 


1. Introduction 


The study of the behaviour of polycrystalline 
uranium dioxide has long been hampered by 
the lack of fundamental physical and chemical 
data which can only be accurately determined 
on single crystal material. 

Many descriptions of preparations of crystal- 
line UO2 are contained in the literature 1-9) but 
the crystal size in all cases is in the micron 
range and in most cases consists of aggregates 
of interlocking crystals. 

An evaluation of the various methods of 
growing single crystals led to this investigation 
of the electrolytic process based on the decom- 
position or uranyl chloride. Hampe 9) first 
showed in 1888 that pure molten uranyl chloride 


limités par des faces correspondant aux plans 
octaédriques de la structure cubique, se dévelop- 
pent a la surface de la cathode: ils ont environ 3 mm 
d’épaisseur et leur masse est d’environ 50 mg. Une 
réaction chimique de nature assez voisine a permis 
d’élaborer également a la cathode, des cristaux dont 
les compositions correspondent. sensiblement aux 
composés UOz, Us0O9 ou U3zQOs. 


Es wurden Hinkristalle von UOz durch Elektrolyse 
von Uranyl-Chlorid aus einer gemischten Alkali- 
Metall-Chlorid-Schmelze erhalten. Die Spannung war 
dabei niedriger als die Zersetzungsspannung ftir die 
Reaktion UOsCle - UOz + Cle. Ausserdem lag eine 
niedrige Kathodenstromdichte vor. Die Elektrolyse 
wurde mit einer Platinkathode und emer Kohleanode 
durchgefiihrt. Die U0Os-Kristalle haben kubisch- 
oktaedrische Gestalt, und wuchsen an der Kathode 
bis zu einer Grésse von 3 mm Durchmesser und einem 
Gewicht von uber 50 mg. Als Nebenreaktion konnten 
Kristalle an der Kathode festgestellt werden, die in 
Ihrer Zusammensetzung etwa folgenden Symbolen 
entsprechen: UOz, UsO9 oder U3QOsg. 


could be electrolysed to produce UOse at the 
cathode and chlorine at the anode. The electro- 
deposition of uranium dioxide from solutions of 
uranyl chloride in fused alkali metal halide 
melts has been investigated by Gibson and 
Wassell ™) on pilot plant production scale using 
carbon electrodes. Smirnov and Ivanovsky 12) 
have studied the electrosolution of UOs anodes 
in fused alkali chlorides and imply that nearly 
stoichiometric uranium dioxide was deposited 
at the cathode. The standard potential of 
UO2(VI)-UOs(IV) was measured by Hill, Perano 
and Osteryoung1!8) who give a value of H,°= 
—0.285 volts at 450°C against a standard 
Pt (I1)-Pt (0) electrode. 

An examination of the product from the 
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Gibson—Wassell process showed tightly packed 
interlocking and dendritic crystals onthe cathode 
surface. These crystals showed {111} growth 
habit but their size seemed limited by the close 
proximity of the neighbouring growth. It was 
decided that by using this process with the 
applied potential reduced to the region of the 
decomposition potential and by keeping the 
cathode current density low, uranium dioxide 
might nucleate at a limited number of points 
on the cathode surface as is typical in electrolytic 
processes. This hypothesis was tested using 
platinum cathodes and proved to give immediate 
success; the following observations summarise 
a total of about two hundred electrolysis ex- 
periments. 


2. Experimental 


2.1. THE ELECTROLYSIS CELL ASSEMBLY 


The electrolysis cell in all cases consisted of 
a round bottomed vitreous silica tube fitted 
with a pyrophyllite cap drilled with holes to 
accommodate the two electrodes, a vitreous 
ARGON INLET 
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SILICA THERMOWELL 


PYROPHYLLITE 
CAP 


mer \ 


MSS 
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Wp > 
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Fig. 1. Electrolysis cell assembly. 
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silica thermocouple pocket, and an argon inlet 
tube (fig. 1). All the fittings were made to close 
tolerances so that the argon flow maintained a 
slight positive pressure in the cell. Three cell 
sizes were used in the experiments: 3 cm dia. x 
20 cm long, 5 cm dia. x 25 cm long, and 7.5 cm 
dia. x 25 cm long, which held 150 g, 600 g and 
1200 g of melt respectively. 

Platinum was chosen as the cathode material 
since it was found to be slightly more electro- 
positive than UO:. The cathode consisted of a 
platinum ‘spade’? with a platinum wire con- 
nection made to a platinum sheet 2 cm x 4 cm x 
0.1 mm through a vitreous silica capillary. 
Carbon cathodes were not used as the reaction 
3U02Clz + 2C — 2U02+ UCl+2C0+Cle takes 
place on the cathode surface forming inter- 
locking crystals of UOs. 

Four types of anode were used in the ex- 
periments: 

(i) Spectrographically pure carbon rods 
6 mm dia. x 30 cm long; 

(ii) platinum spades similar to the cathodes; 

(iii) sintered stoichiometric uranium dioxide 
annular pellets 1.3 cm o.d. x 0.7 cmi.d. x 1.5 em, 
threaded onto a silica rod and with a platinum 
wire connection made above the melt level. 
This electrode was constructed in segments in 
this way to minimise thermal shock; 

(iv) a carbon anode enclosed by a silica 
tube with a sintered silica diaphragm. 


2.2. MELT PREPARATION ” 


The solvent composition used was sodium 
chloride-potassium chloride in equimolar pro- 
portions (eutectic composition, with melting 
point 660° C). These two chlorides were analyt- 
ical reagent grade chemicals. The chlorides were 
mixed in the desired proportion, placed in the 
vitreous silica cell and melted in a furnace 
controlled at 850° C. 

The method of Maricle and Hume !4) was 
employed for removing hydroxide impurities 
from the melts. This method eliminates the 
need for predrying and can be carried out easily 
and rapidly. It consists simply of passing 
chlorine through the melt after fusion of the 
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chlorides. After thirty minutes treatment with 
chlorine the hydroxide ion concentration has 
been shown 4) to be below the polarographically 
detectable level. 

Uranyl1 chloride was introduced into the melts 
by in situ chlorination of the required amount 
of uranium dioxide immediately following hydro- 
xide removal. After the addition of high purity 
uranium dioxide, the chlorination was continued 
for a further thirty minutes by which time the 
uranium dioxide had completely dissolved. 
Gravimetric measurements during chlorination 
corresponded to within 0.1 % of a solute com- 
position of UO2Cle regardless of the O/U ratio 
of the starting oxide, up to a composition of 
U3QOs. 

The concentration range of UO2Cle used in 
this work was 2.5-20 g UOgCle per 100 g solvent. 


2.3. DEPOSITION POTENTIAL 


Preliminary experiments were carried out to 
determine the deposition potential of UOz from 
uranyl chloride in fused NaCl-KCl. The cell 
potential of the system (—)UO2/UO,(II) 
NaCl-KCl/Pt (II) NaCI-KCl/Pt(+), could not 
be measured due to the instability of Pt (IT) 
above 580° C, so that the value of #,9= — 0.285 
volt obtained by Hill, Perano and Osteryoung !8) 
for the system (— )UO2/UO2(IT) LiCl-KC1/Pt (IT) 
LiCl-KCl/Pt( + ) was taken as a rough approxi- 
mation. 

Attempts to demonstrate the reversibility of 
the process by attempting to plate UO: onto a 
platinum cathode from a UO: anode in a NaCl-— 
KCl melt containing UO2Cl, were unsuccessful. 
It was found that at potentials as low as 
0.07 volts a black, flaky, loosely adherent 
deposit of uranium oxide was formed, the com- 
position of which was found to approach that 
of U30s. The deposition of UsOg crystals of 
substantial size (fig. 5) indicates a reaction 
involving the formation of UsOg ions, which 
could be due to either an electrolytic reaction 
involving the formation of U30g, the thermal 
decomposition of UOzCls to UsO¢ or the diffusion 
of air into the electrolysis cell. At constant 
current it was found that the initial deposit 
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was an orthorhombic phase of composition 
UOs.5¢-UOe.6g but as the electrolysis proceeded 
there was a change in the structure of the — 
deposit from the orthorhombic twinned columns 
to pseudo-cubic rhombohedral {111} plates of 
U109 phase (UO2.20—-UO2.25), as shown in fig. 6, 
and further electrolysis resulted in another 
change in the deposit to the octahedral UO2g+2 - 
phase. This change in oxygen content of the 
deposit seems to exclude the ingress of air into 
the cell as a source of the oxygen. 

When the UOzg anodes were replaced by the 
platinum anodes it was found that only the 
orthorhombic phase could be deposited and that 
this was badly contaminated with platinum 
due to anodic chlorination and redeposition at 
the cathode. The use of carbon anodes enclosed 
in a silica compartment with a sintered silica 
diaphragm and filled with pure molten solvent 
also resulted in the deposition of the UO 56— — 
UO2.66 phase. The formation of this phase is 
not encountered in the Gibson—Wassell pro- — 
cess 11) where carbon electrodes of large surface — 
area are used and the melt contains an appreci- 
able concentration of UCl, at all times. Gibson 
and Wassell attribute the presence of UCl, to 
the anodic conversion of UO2Cle as follows: 
UO2Cle+ Cle +C +UCh+COs, but it seems 
more feasible from thermodynamic consider- 
ations that the actual anode reaction is: 
3UO0ett+ + 2C + 2U0++ U4++ 2CO. The use of 
carbon anodes to prevent the formation of 
anything other than UO2+z, phase was found to 
be effective only while there is UCl, in the melt 
to maintain the proposed reaction: U30gt++ 
+UCl+ 2e — 4U02Cl at the cathode. Uranium 
dioxide was then deposited at potentials as low 
as 0.1 volt. Experiment showed that to keep 
the rate of UCl, formation at a level sufficient 
to maintain this reaction, the temperature had 
to be kept above 800°C with an anode area 
equal to about twice that of the cathode and a 
cathode current density of 10 mA/cm?. 


2.4. 


An optimum anode area was selected by 
plotting the variation of potential with tempera- 
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ture at a fixed current density for a number of 
anode areas. In each case a minimum was 
recorded between 650°C and 850°C. The 
optimum temperature fell with increasing anode 
area. A typical curve is shown in fig. 2 where 
there is an initial fall in potential until the 
optimum temperature for the particular anode 
area is reached and the potential increases. The 
best results were in fact obtained by working 
about 40°C higher than this temperature as 
there was a decrease in anode area of about 
6 per cent over a 20 hour electrolysis period. 

The optimum anode area was found to vary 
markedly depending on the type of carbon used 
so that specific data are not given in this paper. 
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Fig. 2. Potential-temperature relationship in deter- 
mining optimum carbon anode area. 
2.5. ‘TEMPERATURE OF OPERATION 


A lower limit to the temperature of operation 
was determined by the optimum anode area. 
It was found that below 800° C the anode area 
required for optimum conditions was impractic- 
ably large. An upper limit of temperature was 
fixed at 850° C due to the high volatility of the 
alkali chlorides above this temperature. 


2.6. CATHODE CURRENT DENSITY 


During the preliminary experiments using 
carbon anodes it was found that as the cathode 
current density was reduced below 10 mA/cm2 
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the number of crystals nucleated on the cathode 
became less. It also became evident that there 
was a limit to the size of the UO: crystals, 
about 3 mm across x2 mm deep, after which 
the corners between the faces rounded and 
growth ceased. This was thought to be due to 
the fact that the resistance across the crystal 
had reduced the potential at its growing surface 
below the deposition potential. Thus it was 
required that the cathode current density be 
such that UO: crystals should nucleate over the 
cathode surface at a mean distance apart of 
about 5 mm, so that mutual interference did 
not occur. For the purpose of comparison this 
current density is referred to as optimum 
current density. 


2.7. URANYL CHLORIDE CONCENTRATION 


The conditions of potential and current 
density necessary for the formation of separate 
UOz crystals on the cathode surface could only 
be obtained by variation of the UOzClz concen- 
tration in the melt. The effect of concentration 
on the current-potential relationship was meas- 
ured with the standardised electrode geometry 
as shown in fig. 3 and is plotted in fig. 4. These 
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Fig. 3. Standardised electrode geometry as used in 


depositing UOsz single crystals. 


298 
[aan USS PAM pI 
Ne ‘ 

Owe 

fs an : 
| ies et 

6) F eH 5 
z Hie ai 
a | ——=| 

Ber i AS | 
© 1.0 

I = pee 3 
z AS 

3 E cs ‘ 
e) [SOR 

Alito bs : 
ES Noe 

O if eet 
cop 

= ory Ee ene Es all ee ese 

0.2 1.0 10.0 


POTENTIAL /CURRENT RATIO-mV/mA 
Fig. 4. Concentration-potential/current relationship 
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anode area. 


measurements were taken as soon after the 
commencement of electrolysis as the potential 
had become steady. When the electrolysis was 
operating under optimum conditions of anode 
area it was found that the potential across the 
cell rose steadily at constant current so that it 
was desirable to have the initial potential close 
to the deposition potential. For this reason the 
concentration of UO2Clz in the melt was selected 
from fig. 4 such that the initial potential was 
about 100 mV. A concentration of about 
0.5 g UO2Cls/100 g NaCl-KCl was indicated but 
slightly higher concentrations were later found 
to give suitable results. A suitable potential/ 
current relationship at higher concentrations 
was obtained by the use of pure KCl melts 
where the conductivity of the solvent itself is 
lower than that of NaCl-KCl. The UO: crystals 
obtained from KCl melts were of similar per- 
fection and purity to those from NaCl-KCl 
melts. 


3. Results 


3.1. ELECTROLYSIS WITH CARBON ANODES 


The preceding experiments gave the necessary 
information for establishing the conditions 
necessary to deposit separate UOz single crystals. 
These conditions are as follows: 
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(i) an applied potential in the range 
100-250 mV: 


(ii) a cathode current density less than — 


10 mA/cm?; 

(iii) the use of a carbon anode of sufficient 
surface area to maintain a concentration of 
UCI, in the melt. 


A detailed study of the deposition of UOz~ 


crystals was made using spectrographically pure 
carbon anodes 6 mm dia. x 30 cm long, and 
platinum spade cathodes 2 cm x4 cm long x 
0.1 mm thick, 2 cm apart vertically in the plane 
of the platinum spade, and with the cathode 
1 cm below the bottom of the anode (fig. 3). 
In all of these experiments the 5 cm dia. cell 
was used filled with 600 g NaCl-KCl eutectic at 
a temperature of 840°C, with an optimum 
anode area determined at 800°C. The effect 


of varying UOeCle concentration and cathode . 


current density upon crystal size, crystal dis- 


persion on the cathode, and current efficiency - 
were studied in the region where the potential- — 


current relationship was suitable. 

Many electrolysis experiments have been 
carried out on the basis of the foregoing work, 
and selected values of the various relationships 
observed are given in tables 1 and 2. 


TABLE 1 


Relationship between current density and current 
efficiency at two different UO2Cle concentrations 


Current Current 
Melt composition density efficiency 
(mA/cm?) (%) 
10 g UOsClz per 100 g 10 28.3 
NaCl-KCl 8 + 30.6 
6 29.5 
4 28.4 
2 27.6 
5 g UOeCles per 100 2 10 29.5 
NaClKCl 8 S22 
6 31.8 
4+ 45.8 
2 30.2 


rr 


{ Optimum current density. 
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The relationship between optimum cathode 
current density and UOeCle concentration is 
given in table 1. 

The relationship between current efficiency 
and UOsCle concentration at constant current 
density is shown in table 2. Each observation 
recorded on this table is an average of at least 
two experiments and the electrolysis time in 
each case was 20 hours. In these experiments it 
was found that as the UOscCle concentration 
was decreased the average crystal size increased 
slightly and the density of the product also 
increased. A typical cathode deposit from this 
series of experiments is shown in fig. 7. In all 
cases the crystal habit was cubo-octahedral. 
The crystals obtained at a concentration of 
20 g UOeCl/100 g NaCl-KCl showed {331} 
facets between the {111} faces of the normal 
cubo-octahedrons, (fig. 8)!5) and can be com- 
pared with the normal cubo-octahedral crystals 
deposited at lower concentrations, (fig. 9). 

The crystals were in all cases randomly 
oriented on the cathode even when single 
crystal platinum cathodes were used, but after 
several electrolysis experiments new cathodes 
were necessary due to excessive nucleation at 
etched grain boundaries on the platinum surface. 


TABLE 2 


Relationship between UOsCle concentration, and 
current efficiency at constant current density” of 
3.75 mA/em? and anode area of 12 cm? 


Melt composition Current 
g UO2Cl2/100 ¢ efficiency 
NaCl-KCl (%) 
20.0 20.6 
12.5 21.7 
10.0 29.2 
7.5 27.3 
6.25 35.8 
5.0 43.2 
3.75 44.3 
2.5 45.0 


3.2. CRYSTAL PROPERTIES 


Examination of the crystals obtained in all 
of the above experiments for maximum size, 
maximum purity, minimum O/U ratio, maxi- 
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mum density after hydrogen reduction and 
maximum perfection indicated that those formed 
from a melt containing 2.5 g UO2Cl:/100 g 
NaCI-KCl, at a cathode current density of 
3.75 mA/cm2, were superior in all respects. An 
analysis of such crystals together with a similar 
analysis of the feed UOsz is given in table 3. 


TABLE 3 
Analysis of UOz erystals and feed oxide 


Crystal dimensions About 3 mm 

O/U ratio 2.02 

Density 10.85 g/em? 

Maximum impurity 300 ppm 

Major impurities K 100 ppm 
Na 50 ppm 
abit 20 ppm 
Cl 10 ppm 
Fe, Cu, Zn 10 ppm 
Ni, Co, Mg, Cr 5 ppm 
TRY: 2 ppm 
Sn, Mn, Ge, Bi 
Ga, Mo, Pd ieepm 
Pb 1 ppm 
Cd, Be, In 0.5 ppm 
B 0.5 ppm 

Impurities in feed 

oxide K 10 ppm 

Na 20 ppm 
Ti 50 ppm 
Cl 5 ppm 
Fe, Cu, Zn 100 ppm 
Ni, Co, Mg, Cr 100 ppm 
AL WY 5 ppm 
Sn, Mn, Ge, Bi \ 20 
Ga,Mo, Pa J oe 
Pb 5 ppm 
Cd, Be, In 1 ppm 
B 1 ppm 


After reduction in hydrogen at 1300°C for 
2 hours these single crystals were essentially 
unaltered except for a reduction of the O/U ratio 
to 2.00 and the density to 10.65 g/cm3. The 
impurities remained unchanged. 

An indication of the perfection of the crystals 
was obtained by neutron diffraction, calculating 
the mosaic spread from the width of the rocking 
curve of the {111} reflection, and also by direct 
microscopic observations of dislocations. The 


300 R. G@. ROBINS 


Fig. 5. Crystals of orthorhombic phase from primary Fig. 8. Electrolytic UOz crystals showing the 
cathode deposit using UOz anodes (x 2). development of {331} facets (x 2). 


Fig. 6. Crystals of the pseudo-cubic UsO9 phase (x 2). Fig. 9. Electrolytic UOe crystals of normal cubo- 
octahedral habit (x 2). 


Fig. 7. UOsz crystals as deposited on cathode (xX 2). 


Fig. 10. Triangular growth steps on {111} face of 
UOs crystals (x 500). 
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dislocation density indicated by each method 
was about 106 lines/cm?. 

Examination of the major {111} plane of the 
crystals revealed triangular growth steps as 
shown in fig. 10. The {100} faces showed no 
common growth feature but an occasional spiral 
was observed. 


4. Conclusions 


The experiments which have been described 
demonstrate a method for electrode positing 
uranium dioxide in the form of separate single 
crystals. The important variables in the process 
are listed below (together with a list of mutually 
suitable values in brackets): 

(i) Temperature (840° C). 


(ii) Applied potential (100-250 mV). 
(iii) Cathode current density (4 mA/cm?). 
(iv) Anode area (12 cm? — but dependent on 


the particular type of carbon used). 
(v) UOsCle concentration (2.5 g UO2Cl2/100 g 
NaCl-KC)). 
Total volume of melt (600 g NaCl-KCl). 
Electrode geometry: (as in fig. 3). 
(viii) Electrolysis time (20 h). 
It is evident that these variables are closely 
interrelated and no change can be made in one 
without compensating changes being made, or 
occurring, in all the others. In practice it has 
not been possible to determine the complete 
relationship of these variables as the effects of 
any one variable cannot be isolated for an 
absolute quantitative study. Attempts to scale 
up the apparatus have been frustrated by the 
inability to obtain or maintain mutually suitable 
variables. 

It has been suggested that two competing 
reactions occur: 

UOcCle + UO2+Cle, and a side reaction 
involving the formation of Us30s ions. The 
effect of the latter reaction in increasing the 
O/U ratio of the cathode product can be 
prevented by the use of carbon anodes which 
reduce UO2Cle as follows: 

3U02Cle+2C — UCla+2U02C142C0, and 
the UCls produced reacts with the U3Q0g ions: 


(vi) 


(vii) 
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U30gt++ UC, + 2e > 4U02Cl. The UO2CI pro- 
duced during these reactions is then reduced 
electrolytically: UOzCl — UOz+4Cle at a po- 
tential lower than the decomposition potential 
for the reaction UOeClz + UOz+ Cle, which can 
be calculated from the data of Hill et al. 18) 
and Smirnov and Ivanovsky !?). 

Oxides of composition between UOz2 and 
U30g were probably due to the co-deposition of 
UOe*+ ions and U3Ogt* ions rather than by the 
formation of any intermediate ion. 

Although the mechanism of the process is 
complex it affords a fairly convenient method 
for the production of reasonably large single 
crystals of UOs. 
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The effect of various parameters on the sintering 
characteristics of beryllium oxide is described. The 
presence of water vapor in the sintering atmosphere 
has been found to retard the densification of beryllium 
oxide compacts. The sinterability can be improved if 
the compacts are predried at 900° C in air and sintered 
in a dry atmosphere. The effect of water vapor on the 
sintering rate is largely eliminated if 1/4 mole per 
cent MgO is added to the BeO compact. 

Beryllium oxide powder calcined at 1250° C instead 
of 900° C has a slower sintering rate but appears to 
be capable of achieving similar ultimate densities at 
longer sintering times or higher temperatures. 

The presence of 1/; mole per cent of AlO1.5, CrO1.5, 
MgO, and NiO, increases the ultimate density of BeO 
compacts relative to compacts without additive. 
MgO and Al2O3 are particularly effective at increasing 
the density. 


On décrit Vinfluence de différents facteurs sur les 
caractéristiques du frittage de l’oxyde de béryllium. 
On montre que la présence de vapeur d’eau dans 
Vatmosphére de frittage retarde la densification des 
compacts d’oxyde de béryllium. La ‘“‘frittabilité” peut 
étre améliorée par un préséchage des compacts a 
900° C dans Vair et un frittage en atmosphére séche. 
L’effet de la vapeur d’eau sur la vitesse de frittage 
est presque éliminé si l’on ajoute au compact d’oxyde 
de béryllium 1/4 de molécule % de MgO. 

Les poudres d’oxyde de béryllium calcinées a 


1. Introduction 


The sintering behavior of BeO has not been 
extensively studied because of the lack of 
high purity, low-calcined BeO powder. Earlier 
studies !.?) have indicated that calcining tempe- 
rature and the presence of certain impurities, 
such as MgO, have a profound effect on the 
sintering characteristics of BeO. These studies 


1250° C au lieu de 900° C se frittent plus lentement 
mais il semble qu’elles peuvent atteindre des densités 
ultimes similaires aprés une durée de frittage plus 
longue ou & température plus élevée. 

L’addition de 1/4 de molécule/g % de AlO1.5, CrO1.5, 
MgO et NiO, accroit la densité finale des compacts 
de BeO par rapport aux compacts sans addition. 
MgO et Al,O3 sont particuliérement efficaces pour 
accroitre la densité. 


Der Effekt verschiedener Parameter auf die Sinter- — 


charakteristik von Beryllium-Oxyd wird beschrieben. 
Bei Gegenwart von Wasserdampf in der Sinteratmos- 
phare wurde eine Verzégerung der Verdichtung von 
BeO-Formkérpern festgestellt. Die Sinterfahigkeit 
kann verbessert werden, wenn man die Presslinge 
vortrocknet bei 900°C an Luft und an trockener 
Atmosphare sintert. Der Einfluss des Wasserdampfes 
auf die Sinterrate wird gréssenteils eliminiert, wenn 
1/4 Mol. % MgO den BeO-Presslingen beigefiigt wird. 

Beryllium-Oxyd, welches bei 1250°C, statt bei 
900° C gebrannt wurde, hat eine niedrigere Sinterrate, 
scheint jedoch imstande zu sein, ahnliche Enddichten 
zu erreichen bei langeren Sinterzeiten oder héheren 
Temperaturen. 

Die Gegenwart von 1/4 Mol. % AlO1.5, CrO1.5, MgO 
und NiO fthrt zum Ansteigen der Enddichten von 
BeO-Formkérpern im Vergleich zu den Formkérpern 
ohne Beimengung. MgO und Al2Os ist sehr einfluss- 
reich fiir das Ansteigen der Dichte. 


are helpful in making higher density bodies. 
This work extends some of the range of the 
variables on the sintering characteristics of both 
pure BeO and BeO containing small amounts 
of various other additives, and also examines 
the effects of atmosphere and calcining tempera- 
ture on the sintering behavior. The ultimate 
density and microstructure of the sintered body 
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are the principal measurements used to charac- 
terize the sintering behavior. A companion 
paper ®) is being published elsewhere on the 
initial sintering kinetics of beryllium oxide 
which interprets in more detail many aspects of 
sintering of BeO described here. 


2. Experimental 


2.1. STARTING MATERIAL 


All material used in this study had a total 
impurity content of less than 500 ppm and was 
prepared by calcining beryllium oxalate in dry 
air. The oxalate was calcined at 900°C for 
8 hours. In addition a small batch of powder 
was calcined at 1250° C for 2 hours by heating 
the 900°C calcined powder at the higher 
temperature. The average particle diameter 
“da” was increased from 0.4 u to 0.9 u by the 
1250° C heat treatment (as determined by lineal 
analysis of electron photomicrographs). 

The calcined material was screened through 
100 mesh prior to compacting. All compacts 
were made by pressing without binder at 
20 000 psi in a steel die one-half inch in dia- 
meter. The resultant thickness of the compacts 
was about 200 mls. The initial density was 
between 1.59 and 1.61 g/cc for material calcined 
at 900° C and between 1.43 and 1.45 g/cc for 
material calcined at 1250°C. Because it was 
suspected that water vapor was affecting sinter- 
ability, all compacts were dried between 850° C 
and 900°C in air except where specifically 
stated. 

Additives were introduced into the compact 
after pressing when it was found that an aqueous 
solution was readily absorbed by the compact 
and diffused uniformly through the compact. 
About 0.3 ce of solution was needed to effectively 
distribute the additive homogeneously through 
the compact. Solutions were made up from the 
nitrate salt of the cation additive to a concen- 
tration that would be equivalent to 1/4 mole 
percent of the beryllium oxide present. A 
chemical dye was added when the solutions 
were colorless to trace its penetration through 
the compact. The compacts with the solutions 
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were stored in a closed container overnight to 
allow equilibration within the compact. The 
compacts were pre-fired at 900° C for two hours 
in air to remove the water and decompose the 
salt. No measurable density change was observed 
by the pre-firing treatment. 


2.2. SINTERING PROCEDURE 


BeO compacts were sintered in three atmos- 
pheric environments: hydrogen, vacuum, and 
oxygen. 

The furnace used for hydrogen sintering was 
externally wound with molybdenum around a 
morganite tube closed at one end. The hydrogen 
was introduced at the open end at a controlled 
dew point. The compacts were located in 
separated compartments of a molybdenum boat 
which was loosely covered. The compacts were 
inserted while the furnace was cool and raised 
up to the operating temperature at the rate of 
between 400° and 500° C per hour. All compacts 
were heated for two hours except where speci- 
fically stated. The temperature was recorded 
with a Re-W thermocouple located next to the 
molybdenum boat. 

The furnace used for vacuum sintering was 
heated by a molybdenum sleeve by direct 
resistance. A pressure below five microns was 
maintained at all temperatures. A graphite 
holder was used to suspend the BeO compacts 
inside the molybdenum sleeve. The compacts 
were generally pre-fired at a temperature of 
about 1200°C for two hours to remove any 
trapped gases before being sintered. The pellets 
were raised to the sintering temperature in about 
five minutes and maintained at that temperature 
for two hours. The temperature was recorded 
and maintained with a pyrometer-controller 
which previously had been calibrated against 
a Re—-W thermocouple. 

The furnace used for oxygen sintering was 
heated by a 60 % Pt-40 % Rh internally wound 
furnace. Oxygen was passed slowly through the 
furnace during sintering. The compacts were 
located in a rhodium boat which was loosely 
covered and the boat was inserted while the 
furnace was operating at about 1500° C. The 
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temperature of the furnace was then raised to 
the sintering temperature in about 15 minutes. 
The temperature was recorded with a Pt-10 % R 
thermocouple up to 1600° C. For higher tempe- 
ratures an optical pyrometer was used. This 
furnace proved to have a short lifetime in 
oxygen at temperatures of 1800° C due to ex- 
cessive volatilization of platinum metal. 


3. Results 


The sintering temperatures ranged from 1600° 
to 1900° C. However, all specimens with various 
additives were not sintered over the entire range 
since the effect of the additive could be charac- 
terized usually by sintering at a few tempera- 
tures. Some additives were not used in certain 
atmospheres where the additive was known to 
be unstable such as NiO in hydrogen, UOs2, and 
Cr2O3 in air. A few experiments, however, are 
shown where metal was formed by reduction of 
the oxide to illustrate this effect. No attempt 
was made to study the effect of concentration 
of the additive on the sintering of BeO. Usually, 
however, !/4 mole °% of additive was beyond the 
solubility limit as indicated by the second phases 
present in some of the photomicrographs. The 
density was measured by immersion in CCl, and 
corrected where measurable absorption occurred 
due to open porosity. The density was also 
corrected for the presence of the additive, how- 
ever, this was usually negligible. 


3.1. EFFECT OF CALCINING TEMPERATURE 


Separate compacts, one made from material 
calcined at 900° C and the other from material 
calcined at 1250° C, were sintered in vacuum, 
simultaneously at various temperatures for two 
hours. Results indicate as shown in fig. 1 that 
the higher calcined material has a lower sintering 
rate but the ultimate density between the two 
different calcined materials differs very little 
after two hours at 1800° C. The higher tempera- 
ture calcined compact had a slightly lower 
initial density which required 10 percent more 
volume shrinkage to achieve the same ultimate 
density. Both grain size and shape of the two 
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compacts were essentially the same after 
sintering. 
3.2. EFFECT OF WATER VAPOR 


Water vapor has been found to affect strongly 
the sintering rate of beryllium oxide. Fig. 1 and 
table 1 show this effect. Fig. 1 demonstrates the 
importance of pre-drying the compacts at 900° C 
before vacuum sintering at higher temperatures. 
The BeO powder calcined at 900° C was found 
to absorb as much as one weight percent water 
vapor from laboratory air. If water vapor is 
trapped within the compact at the sintering 
temperature, Be(OH)2 gas will be formed. It is 


TABLE 1 


Effect of water vapor on hydrogen atmosphere 
sintering at 1700°C for two hours 


Final 
Dew point density Material 
(g/ce) 
+ 21°C 2.67 BeO 
— 2°C 2.81 BeO 
— 40°C 2.88 BeO 
— 40°C 2.93 BeO with 1/4 mole % MgO 
+ 21°C 2.92 BeO with !/4 mole % MgO 
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believed that the formation of Be(OH): gas 
within the pores is responsible for the lower 
densities through mechanisms discussed on 
page 309. 

Table 1 also shows the influence of wet 
hydrogen atmosphere sintering on the ultimate 
density even when the compacts were pre-dried. 
The presence of MgO as an additive in BeO 
appears to reduce the influence of water vapor 
to a negligible effect, as shown by the last two 
experiments at the bottom of table 1. 

Pure BeO compacts when sintered in dry 
hydrogen in the presence of other BeO compacts 
containing certain additives were found to have 
lower densities than when sintered alone. The 
effect on the pure BeO compact was attributed 
to water vapor since many of these additives 
such as magnesium oxide, chromium oxide and 
uranium oxide were reduced in hydrogen to the 
metal or to a lower valence oxide producing 
water vapor. The presence of silica in the 
hydrogen furnace also was found to increase the 
water vapor content such that the sinterability 
of BeO was markedly decreased at high tempera- 
tures. 


MICROSTRUCTURES OF SINTERED Beo 
COMPACTS 


3.3. 


It was noted that higher densities were 
obtained with dry hydrogen atmospheres than 
with vacuum or dry oxygen. The same trend 
was noted when additives were present. Fig. 2 
shows the measured density of pure BeO sintered 
in various dry atmospheres at a series of 
temperatures and Fig. 3 shows the corresponding 
microstructures. The grain shape appears to be 
equiaxed throughout the temperature region 
studied and in all atmospheres. 

The vacuum sintered compacts showed little 
increase in density beyond 1700° C. One set of 
compacts sintered at 2000° C (not shown) showed 
an extensive amount of fissures indicating a 
reaction had occurred. Since it is known that 
graphite reacts with BeO at temperatures close 
to the melting point, sufficient reaction may 
have occurred at sintering temperatures used 
here to influence the late stages of sintering of 
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BeO. The presence of volatile molecules 3) in 
the pores may have stopped shrinkage and 
grain growth as shown in fig. 3 where the grain 
structure of BeO when vacuum sintered above 
1700° C is smaller and larger voids are present 
between the grains in contrast to similar speci- 
mens sintered in hydrogen. 

BeO sintered in oxygen appeared to give the 
lowest densities; however, it is difficult to deter- 
mine from the data whether the effect of an 
oxidizing atmosphere on the sintering rate is 
real since different rates of rise to temperature 
and different furnace characteristics were present 
for the various sintering atmospheres. Better 
control of the furnace characteristics and 
sintering schedules are needed before further 
interpretation can be made. 


3.4. INFLUENCE OF ADDITIVES 


Several different types of additives were 
introduced into BeO in the manner described 
earlier. All additives except lithium fluoride, 
lithium nitrate and beryllium fluoride caused 
marked increases in the density of sintered 
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Fig. 3. Photomicrographs of BeO compacts after 
sintering in various atmospheres and temperatures 
for two hours. 250 x Etchant-HF 2 MIN. 
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compacts. Compacts with these three additives 
had the same density as unadulterated beryllium 
oxide. It is assumed that they evaporated at 
an early stage of sintering. As a group the 
additives which formed the lowest eutectic 
temperature with the BeO gave the faster 
sintering rate and larger grain size as shown in 
the photomicrographs of BeO containing addi- 
tives of AlsOs, MgO, and NiO. The compacts 
containing additives which form higher eutectic 
temperatures with BeO such as CreO3, appeared 
to be closer to pure BeO compacts in density 
and grain structure. 

Fig. 4 compares the relative densities obtained 
with various additives sintered at 1700°C in 
three different atmospheres. The relative in- 
fluence of the additives is the same in all three 
sintering environments. The effect of each 
additive studied is described below in more 
detail. The concentration of the additive was 
present at about 1/, mole °% of the formula 
written. 


Al0, 5 


Small amounts of aluminum oxide markedly 
increased the density of BeO, and extremely 
large grains containing possible annealing twins 
were developed as indicated by the photo- 
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micrographs in fig. 5 which shows the micro- 
structure after two hours in hydrogen at 1700° C. 
A similar type of grain structure was obtained 
in oxygen and vacuum sintering also. 


CrO,; 

Chromium oxide forms compounds with BeO 
which are isomorphous with the AlgO3—BeO 
system. No evidence of extensive grain growth 
was noted with CreO3 additive as was observed 
with Al,O3 sintered at the same temperatures. 
The grain size of BeO containing 1/4 mole % of 
CrO1,5 was about the same as with pure BeO 
after sintering at temperatures of 1800° C and 
below. At 1900°C in hydrogen the grain size 
was about three times larger than with pure 
BeO and a slight indication of twinning at a 
few of grain boundaries was noted as shown in 
fig. 6. The additive concentration in this case 
was reduced to 1/32 mole % to diminish the 
excessive amount of second phase present at 
1/4 mole; 


MgO 

The presence of MgO as an additive improved 
the ultimate density of BeO. The resulting grain 
structure was larger but equi-axed at the 
temperatures studied as shown in fig. 7. 


NiO 
Nickel oxide which should form a_ phase 
system with BeO similar to BeO—MgO is not 


Fig. 5. Photomicrograph of BeO with 1/4 mole % 
AlO1.5 after sintering for two hours in Hz at 1700° C. 
250 x Etchant-HF 4 MIN. 
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Fig. 6. Photomicrograph of BeO with 1/12 mole % 
CrOi,5 after sintering for two hours in He at 1900° C. 
125 <x Ktchant-HF 4 MIN. 


stable in either vacuum or hydrogen at the 
sintering temperature reducing to the metal. 
One sintering experiment at 1700° C in oxygen 
indicated that the grain size of BeO with NiO 
as an additive was comparable to BeO with 
MgO as an additive both of which were much 
larger in grain size than pure BeO. 


4. Discussion 


4.1. 


The effect of water vapor on the sintering 
kinetics of beryllium oxide has been discussed 
in more detail in the companion paper 3) on 
initial sintering kinetics. The shrinkage behavior 
of BeO may be interpreted in terms of the bulk 
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Photomicrograph of BeO with 1/4 mole % 
MgO after sintering for two hours at 1700° C in He. 
250 x Etchant-HF 4 MIN. 
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diffusion model used in other sintering studies 
45,6) and the evaporation-condensation model 
discussed by Kingery and Berg ®). The inter- 
ference of water vapor with shrinkage is presu- 
mably caused by a high rate of distillation of 
gaseous beryllium hydroxide into the neck 
formed at the contact points between particles 
in the compact. The rapid mass transfer of 
material into the neck decreases the curvature 
initially present at the neck faster than it can 
be decreased by bulk diffusion. Since the curva- 
ture provides the driving force for bulk diffusion, 
the diffusion process is retarded by distillation. 
Only the bulk diffusion mechanism leads to 
shrinkage, therefore water vapor has the net 
effect of retarding the shrinkage rate. 

Pre-drying of compacts at 900° C appears to 
eliminate most of the entrapped water vapor, 
since the highest densities are observed with this 
treatment. The initial sintering kinetic measure- 
ments have shown that when water is absorbed 
in the compact of BeO, the shrinkage rate is 
effected very strikingly. If compacts of BeO are 
not dried, the absorbed water may create a 
sufficient vapor pressure of Be(OH)e2 gas at the 
sintering temperature to seriously effect the 
sinterability of the powder compact. 

The presence of an additive such as MgO 
appears to decrease if not eliminate the effect 
of water vapor on the sinterability. The presence 
of 1/4 mole % of MgO increases the sintering 
rate of BeO compacts. If the increased sintering 
rate can be attributed to faster diffusion rates, 
the presence of magnesium oxide probably 
makes the bulk diffusion mechanism dominate 
over the evaporation-condensation mechanism 
such that no effect of water vapor is observed. 


4.2. 


The fact that lower fired densities are observed 
with pure BeO calcined at higher temperatures 
is in agreement with the more extensive results 
reported both by Quirk 1), and by Livey and 
Williams 2). They indicate that the maximum 
density is obtained with BeO powder which is 
calcined between 900° C and 1000° C. A higher 
calcining temperature produces a larger average 
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particle size which slows down the sintering rate 
which then lowers the final density. Slower 
sintering rates, however, merely require longer 
sintering times or higher temperatures for given 
time and the final densities of material calcined 
at two different temperatures should approach 
each other as the sintering temperature is 
increased. The densities shown in fig. 1 for the 
material calcined at 900° C and 1250° C follow 
this behavior. 


4.3. EFFECT OF ADDITIVES 

From brief studies reported here it is difficult 
to make specific interpretations of the results. 
All additives studied promoted sintering without 
the presence of a liquid phase. Generally the 
solid state sintering rate is accelerated by 
creating vacancies within the lattice. By intro- 
ducing additives whose cations are of a valence 
different from beryllium one might expect an 
increased sintering rate in agreement with the 
observations reported here. However, it is not 
understood how the presence of magnesium or 
nickel accelerates the sintering rate. Both mag- 
nesium and nickel are bivalent and therefore 
do not create vacancies through charge compen- 
sation when incorporated into the BeO lattice. 

The unusual grain texture obtained with 
Alz03 additive resembles ordinary annealing 
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twins. On the other hand, additives of chromium 
oxide which form a system with BeO which is 
isomorphous to AlgO3—BeO system do not show 
the same sintering activity. There is slight 
evidence of twinning, however, as shown in the 
photomicrographs at 1900°C (fig. 6) which 
suggests that the system probably behaves 
similar to BeO with Al,O3 additive except that 
the reference temperature is higher for the same 
degree of activity. 
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Diffusion coefficient measurements for uranium (U+4) 
in stoichiometric UO2 were determined by means of 
the surface activity decrease method. Uranium dif- 
fusion in the temperature range 1450°-1785° C can 
be represented by the equation D = 4.3 x 10-4 exp 
(— 88 000/RT') cm2/sec. 


Les mesures des coefficients de diffusion de l’uranium 
(U+4) dans le bioxyde d’uranium stoéchiométrique 
ont été effectuées par la méthode de diminution de 


1. Introduction 


As part of a program concerned with diffusion 
processes in uranium dioxide, measurements 
have been made of the self-diffusion of uranium 
in UOz. Work has already appeared on oxygen 
diffusion in UOz2!), on helium diffusion in 
UO2 2), and on fission gas diffusion in UOs2 2). 
With the results of the present investigation, 
uranium dioxide becomes one of the few oxides 3) 
for which diffusion coefficients of both the 
cation and anion have been measured. 

Some preliminary work on uranium self- 
diffusion has appeared 2@:4). The present study 
is an extension and refinement of the early 
work. Results of the previous work indicated 
an activation energy in the range 90-125 
kcal/mole and diffusion coefficients of the order 
of 10-14-10-2 cm?/sec in the temperature range 
1400-1750° C. 


2. Experimental 


Diffusion coefficients were measured by using 
the technique of surface activity decrease. This 
method can be considered a “one-point” 
measurement since only the activity at the 
surface is determined after a diffusion anneal. 


lactivité superficielle. On peut représenter la diffusion 
de Vuranium entre 1450 et 1785°C par l’équation 
D = 4,3 x 10-4 exp (— 88 000/RT) cm2/sec. 


Aus der Abnahme der Oberflachenaktivitaét wurde 
der Diffusionskoeffizient fiir Uran (U*4) in stéchio- 
metrischem UOz2 bestimmt. Im Temperaturbereich 
von 1450 bis 1785° C kann die Urandiffusion durch 
die Gleichung D = 4.3 x 10-4 exp (— 88 000/RT) 
em2/see beschrieben werden. 


By contrast, the sectioning technique gives a 
concentration profile after diffusion, enabling a 
statistically more precise calculation of the 
diffusion coefficient, as well as revealing possible 
grain boundary diffusion. 

The real weakness of the surface activity 
decrease method is the difficulty in establishing 
whether the measured surface activity decrease 
is a result of pure diffusion, or is accented by 
evaporation from the surface, or is lessened by 
the so-called “‘bound”’ surface layer. Evapora- 
tion results in the measured diffusion coefficient 
being too high; the “bound” surface layer 
results in abnormally low diffusion coefficients. 
By using both sectioning and surface activity 
decrease methods, Carter and Richardson 5) 
have shown that for wustite, at low tempera- 
tures, diffusion coefficients obtained by the 
surface activity decrease method were con- 
siderably lower than those by the sectioning 
method. At higher temperatures, however, 
agreement between the two methods was good. 
In self diffusion work on cobaltous oxide, Carter 
and Richardson found no evidence of bound 
tracer, either by a sudden decrease in the 
diffusion coefficient at some low temperature or 
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by microscopic examination of the diffusion 
couple surface. 

The problem of evaporation from the surface 
has been treated by Steigman, Shockley, and 
Nix 6). They showed that if material is lost by 
evaporation from the active surface, meaningful 
measurements can be obtained if the diffusion 
anneals are made with the active faces of two 
couples in contact. The combined activities of 
both couples are then used and treated as if a 
single couple were present. This treatment 
assumes that no loss in activity takes place from 
the edges of the couples. 

An internal check exists in the surface activity 
decrease method in that diffusion coefficients 
can be conveniently measured as a function of 
time. For true volume diffusion, with no con- 
founding by evaporation, “bound” active layer, 
or grain boundary diffusion, the diffusion coeffi- 
cient should be constant with time. Carter and 
Richardson *) observed at low temperature, 
where the bound active layer existed, a decrease 


A. B. AUSKERN AND J. BELLE 


in diffusion coefficient with time. They attri- 
buted the decrease in D with time to the effect 
of the bound surface layer. Presumably at 
higher temperatures where the bound active 
layer problem did not exist, they would have 
detected no change in D with time. 

In a study of self-diffusion in cadmium, 
Mahmoud and Kamel ”) observed a D decreasing 
with time for polycrystalline specimens, but a 
constant D for single crystal samples. They 
attributed the decrease in D to grain growth 
and the elimination of grain boundaries. The 
single crystal D value was lower than those 
for polycrystalline samples. 

The main advantage of the surface decrease 
method is that it permits the measurements of 
very small diffusion coefficients within reason- 
able annealing times. For example, the early 
sectioning work on UOz self-diffusion 4) indic- 
ated that the penetration of the diffusing isotope 
was only a few microns. Sectioning techniques 
which permit a good concentration profile to be 


Higa le pera ence os UOsz pellets (x 300). (a) Sintered 124 hours, (b) Sintered 24 hours. Sintering 
temperature 1750° C in Hg. (etched) 98 % Theoretical density. Actual densities : (a) 10.86 g/ee; (b) 10.75 g/ee. 
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obtained over such a small distance are elaborate. 
Complex precision grinders have been described8) 
for removing layers of the order of 0.2 microns, 
but these instruments are not readily available. 
It can be shown that the decrease in surface 
activity resulting from diffusion coefficients as 
small as 10- cm2/sec can be easily detected. 
The penetration distances corresponding to such 
small diffusion coefficients for reasonable an- 
nealing times are only a few microns. 


2.1. DIFFUSION SPECIMENS 


Diffusion couples were designed to approximate 
a semi-infinite couple with an instantaneous 
source of diffusing material. A couple consisted 
of a dense, natural UOz pellet which was coated, 
on one face, with a thin layer of highly enriched 
U235QOp. 

Pellets, approximately 0.83 cm (0.33 in.) dia. 
by 0.76 cm (0.3 in.) thick, were prepared by 
cold pressing fine grain UOz powder to about 
3150 kg/cm? (20 tons/sq in.) and sintering for 
about 24 hours at 1750°C in an atmosphere 
of flowing tank hydrogen. The pellet densities 
were greater than 98 % theoretical (10.96 g/cc) 
and contained no open porosity. Photomicro- 
graphs of polished and etched sections of two 
pellets, one sintered for 24 hours and the other 
for an additional 100 hours, are shown in fig. 1. 
The additional 100 hour sintering resulted in an 
approximate doubling of the grain size, and 
represents the grain size limits of the specimens 
used. The actual grain size variation for most 
of the experiments was probably smaller. 

Results of a spectographic analysis of the 
powder are shown in table 1. The principal 
impurity is zirconium (100 ppm). 

Preparatory to coating the pellets with en- 
riched UOs, one surface was ground with a 
water suspension of 1 ~ alumina grinding powder. 
Grinding was done against a disc of polished 
Pyrex plate glass. 

The pellets were coated by evaporating chips 
of enriched UOz from a tungsten filament in a 
vacuum of about 2 x 10-5 mm Hg. The thickness 
of the evaporated layers, estimated by alpha 
counting, ranged from about 0.1 to 0.3 microns. 
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TTABi an oT 


Spectrographic analysis of UOz powder 


1 Concentration 
Element (ppm) 
Al < 25 
Cu < 10 
Fe < 20 
Mg < 10 
Mn <= 29 
Cr < 10 
Ni < 10 
Pb Ai 
Si 38 
Sn <0) 
anh EAMG, 
Zr 100 


2.2. DIFFUSION ANNEALS 


A few preliminary anneals were made in 
order to determine if evaporation effects could 
be detected. In one experiment three coated 
pellets were mounted in a molybdenum block 
so that the active faces of the bottom two 
pellets were in contact, and the active face of 
the upper pellet was exposed to the furnace 
atmosphere. An anneal was carried out for 
about 17 hours at 1680° C. The results showed 
a considerably greater decrease in activity from 
the exposed pellet than from the protected 
pellets. The exposed pellet lost about 80 % of 
the initial activity; the protected pellets, about 
20 %. Thus, loss of material by other than a 
diffusion mechanism was clearly indicated. 
Another experiment was performed in which a 
coated pellet was heated in contact with a 
uncoated one. The results, after annealing, 
showed a significant decrease in activity of the 
coated pellet and an increase in activity of the 
uncoated pellet ; this demonstrated that material 
transport did take place during the anneal. The 
method of Steigman, Shockley and Nix °) was, 
therefore, used to determine the decrease in 
activity during an anneal. 

All subsequent anneals were done with the 
active faces of two diffusion couples in contact. 
The couples were set in a close fitting hole in 
a molybdenum support. The support permitted 
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easy handling of the samples and minimized 
temperature gradients in the vicinity of the 
sample. 

A schematic of the annealing furnace with 
the sample in place is shown in fig. 2. Furnace 
temperature was measured with platinum, 
platinum-rhodium or iridium, iridium-rhodium 
thermocouples located above the sample. An 
optical pyrometer was also used for temperature 
monitoring. Agreement between the thermo- 
couple and pyrometer measurements was usually 
within -+5°C. The furnace temperature was 
controlled with a proportional controller to 
+7°C. 

Diffusion anneals were carried out for times 
of 5 to 130 hours. Some of the anneals were 
interupted in order to determine diffusion 
coefficients as a function of time. 


2.3. CouUNTING 


For counting, advantage was taken of the 
difference in alpha activity of natural UO2 and 
UOsz highly enriched in U285, The activity of 
highly enriched UO: is principally from the 
U254 isotope. It is estimated that in fully 
enriched UOz about 97 % of the alpha activity 
is due to U284, 

Counting was accomplished with a zinc sulfide 
scintillation crystal coupled to a photomultiplier 
tube. A sample holder was used which masked 
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Porous alumina core wound with molybdenum wire 
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Molybdenum block with UO2 pellets 
Thermocouple protection tube 


Schematic of annealing furnace. 


the pellet sides and provided a reproducible 
counting geometry. With each day’s counting, 
a standard U30g sample was counted to permit 
evaluation of the day to day drift of the 
instrument. All samples were counted for 
10 minutes. 


2.4. CALCULATION OF DIFFUSION COEFFICIENTS 


The solution to the diffusion equation for the 
semi-infinite solid with an instantaneous source 
is well known 9). The equation can be stated as 


C=C|/VxDt exp (—22/4Dt) 


where C is the concentration of diffusing specie, 
Co is a constant equal to the product of the 
tracer layer thickness times the concentration 
of the tracer at time t=0. 

The concentration at the surface (x=0) as a 


function of time is C=Co|VxDt; however, the 
variation of activity at the surface as a function 
of time is a more complicated expression. Since 
alpha particles have a range in matter, some 
alphas that originate from within the solid will 
be registered. Thus, the amount of alpha 
radiation seen at the surface will be that activity 
at the surface plus a contribution from beneath 
the surface. The amount seen from within the 
surface will depend on the alpha particle range 
and the distribution within the material of the 
radioactive source. 
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Von Hevesy and Seith, as discussed by Wahl 
and Bonner 1°), have considered the problem of 
the activity of an alpha emitting tracer at the 
surface of a diffusion couple after a diffusion 
anneal. The von Hevesy and Seith solution to 
this problem, the derivation of which may be 
found in reference 1°), is 


A=Ap erf (£)—(Ao/éVm) (1—e~*) (2) 


where A is the activity at the surface after an 
anneal and Ap is the initial activity. The 


function é is defined as R|(2V Dt), where Ff is 
the effective alpha particle range in the material. 
The estimation of R is discussed below. 

Thus, diffusion coefficients are calculated 
from the initial surface activity, the final surface 
activity, the annealing time, and the effective 
alpha range in UOz using the functional relation- 
ship (eq. (2)). In practice, a graphical solution 
of eq. (2) is plotted as A/Apo vs. € & can then 
be directly obtained, and D calculated. 

The range, FR, of an alpha particle in matter 
can be calculated by methods described in 
Freidlander and Kennedy!). Although the 
range of the ~ 4.8 MeV alpha from U4 in UOzg 
is about 10 microns (~ 10 mg/cm?), the effective 
alpha particle range depends on the particular 
counting technique used. In the experiments 
performed here, the face of the UOz2 couple was 
separated from the ZnS scintillator by a small 
air space and by a thin aluminized Mylar 
window. In order to be counted, an alpha 
emerging from the UOe surface must have a 
residual energy after passing through an air 
gap and the Mylar window. The residual energy 
requirement is fixed by the particular discri- 
mination level used in counting. By counting 
pure alpha emitters of known energy, the 
residual energy required was estimated at 
1.45 MeV. The total air equivalent of the Mylar 
and air gap was about 1.5 mg/cm?. 

From the range-energy relationship of alpha 
particles in air !!), to pass through 1.5 mg/cm? 
air and have approximately 1.45 MeV remaining, 
the alpha particle must have originated with 
3.3 MeV. If the alpha initially had 4.8 MeV, it 
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lost, in range, the equivalent of 4.3 mg/cm? UOsz. 
This is the maximum range within the UO2 
from which an emerging alpha particle can 
register and is equivalent to a range of 3.75 
microns, the value used for calculation of 
diffusion coefficients. It is estimated that, at 
best, the range is accurate to +25 %; this 
imposes a large limitation on the absolute 
accuracy of the diffusion coefficients. 


2.5. SECTIONING WORK 


Sectioning was done on two diffusion couples 
from which surface activity measurements had 
been made. A “Syntron” + vibratory metallo- 
graphic polisher was adapted for grinding the 
UOz pellets. This instrument is essentially a 
flat table which vibrates rapidly with small 
amplitude. The motion is such that a small 
object placed on the table will rotate and 
traverse a circular path. Grinding was done on 
a 5 in disc of polished Pyrex plate with a water 
suspension of 1 micron grinding alumina. During 
grinding the pellet is constrained in a steel 
support to prevent wobbling. The pellet is 
weighted during grinding to ensure good contact 
with the table. A schematic of the arrangement 
is shown in fig. 3. In operation the assembly is 
moved manually over the Pyrex plate while 
the unit is vibrating. Grinding is much more 
uniform and much faster if the vibrator is used. 

Layer thicknesses are determined by weighing 
the pellet on a microbalance before and after 
grinding. For the pellets used, a weight loss of 
about 580 micrograms is approximately equiv- 


150 gram weight 
= Stee! support 


UO, Pellet 

Pyrex plate with 
abrasive slurry 
Vibrating table 


SN 


+ Manufactured by the Syntron Co., Homer 
City, Pa. 
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alent to 1 micron in thickness. The layer 
thicknesses, based on weight loss, are estimated 
to be within +15 %. After each grinding, the 
activity of the new surface is counted, and a 
plot of activity versus distance is obtained. 

The theoretical decrease in activity as a 
function of distance can be calculated from 
von Hevesy and Seith’s (as discussed in 19)) 
equation for the activity at the surface by 
changing the integration limits from 0—F to 
a—(R+a), where a is the distance into the 
surface. The activity versus distance curve 
decreases continuously without the inflection 
point which is present in the concentration 
versus distance curve. Two such curves for the 
same experimental conditions are shown in 
fig. 4. The results of the sectioning work are 
discussed in the next section. 


3. Results and Discussion 


The results of twelve diffusion experiments 
in the temperature range 1450-1785°C are 
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Fig. 4. Activity and concentration profiles. 
Dt ~1 X 10°, initial concentration and activity = 1, 
layer thickness = 0.1 wu, R = 3.75 p. 
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tabulated in table 2. In fig. 5 the results are 
plotted as log D vs. 1/Tiaps. A regression 
analysis of the data was performed which gave 


TABLE 2 


Self-diffusion coefficients of uranium in UOsz 


Top, Diffusion 
(°C) coefficient 
(em2/sec) 

1450 D2 Oe 
1485 1 lexX LOS 
1545 3.9 x 10-1 
1570 Lees 0st2 
1605 Bre) 36 LO 
1645 3.0 < 10-4 
1680 5.4 x 10-14 
1700 6.15 5<. 10514 
1705 9.6;< 10-4 
1710 1.4 x 10-18 
1740 2.3 <X 10-18 
1785 1.4 x 10-18 
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Fig. 5. Uranium self-diffusion in UOs. 
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the following equation for the variation of the 
diffusion coefficient with temperature: 


D=4.3 x 10-4 exp — 88 000/RT' cm2/sec. 


_ The standard deviation of the activation energy 
is +11 000 cal/mole; the standard deviation of 
an individual measurement about the regression 
line is about +50 %. 

In fig. 6 a sectioning profile is presented for 
two diffusion couples annealed together. Also 
included is the theoretical activity profile calcu- 
lated from the measured surface activity 
decrease diffusion coefficient. Based on the 
theoretical curve, the maximum penetration 
distance should be of the order of 1-3 microns. 
It was noted here, and in another sectioning 
experiment not shown, that the penetration 
distance observed is of the order of 5—7 microns. 
This discrepancy may be the result of grain 
boundary diffusion, or of an Rf, the effective « 
particle range, that is too small. 

The introduction of a systematic error into 
the results as a consequence of surface evapor- 
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with time. Vertical lines represent + 50 % standard 
error. = 1680 + 10°C. 


ation should be revealed as an increase in 
diffusion coefficient with time. This manifesta- 
tion results because the loss of activity of the 
surface layer by evaporation is more rapid than 
the loss by diffusion. There was no increase in 
diffusion coefficient noted for an anneal carried 
out to 130 hours. A decrease was, in fact, noted; 
however, because of the large standard deviation 
in the measurements, the decrease in diffusion 
coefficient may not be significant. The results 
of this experiment are shown in fig. 7. 

No evidence was found for a recrystallized 
tracer layer or abnormally low diffusion coeffi- 
cients below some low temperature. These effects 
are considered criteria for the bound tracer 
layer 5). The results are then free from this 
effect. 

The average error introduced by the finite 
thickness of the evaporated layer 8) is about 
10%, and causes the calculated diffusion 
coefficient to be too large. The use of a tracer 
technique, however, results in a measured 
diffusion coefficient for a face centered cubic 
lattice that is about 10 % lower than the true 
cation diffusion coefficient 12). These two syste- 
matic errors approximately cancel each other. 

The experimental results are thus free of any 
known major systematic errors (except for 
errors in R, the effective alpha particle range); 
therefore it is concluded that the decreases in 
surface activity resulted from a diffusion process. 
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The possibility of grain boundary diffusion 
being responsible for the decrease in surface 
activity must be considered. Borisov e¢ al. }5) 
have analysed the kinetics of the decrease in 
surface activity when grain boundary and 
volume diffusion are both present. It can be 
seen from their results that for certain values 
of the diffusion coefficient, absorption coefficient 
(for the case of 8, y emitters), and the annealing 
time, a decrease with time in the apparent 
volume diffusion coefficient can occur when the 
observed surface activity decreases are con- 
sidered to be due to volume diffusion effects 
alone. However, the effect of grain boundary 
diffusion on the activity decrease kinetics is 
small for short times at low temperatures and 
can be negligible at high temperatures (for 
relatively more rapid diffusion coefficients). 
Since for the temperature range investigated, 
the results are consistent with one activation 
energy, any grain boundary effects may be 
minor, and if present, may contribute in some 
unsystematic manner to the scatter of the 
results. (No specific experiments, and no corre- 
lation was attempted between grain size and 
diffusion coefficient). 

If grain boundary effects are minor, then the 
decrease in diffusion coefficient with time is not 
significant, and the discrepancy between caleu- 
lated and observed penetration distances results 
from R being too small. Increasing R by about 
25 % raises the diffusion coefficients by a factor 
of about 1.6. This in turn results in the average 
penetration distance becoming greater by about 
25 % and may, within the limitation of the 
grinding and counting measurements, account 
for the difference between observed and caleu- 
lated penetration distances. 

The activation energy for oxygen self-diffusion 
in stoichiometric UQg, 1¢.2¢) is lower than that 
for uranium self-diffusion, viz, 65 vs 88 kcal/mole. 
At 1600° C, the extrapolated oxygen diffusion 
coefficient is about 109 times greater than that 
for uranium (3x 10-5 vs 3x 10-14 em2/see). 

It is interesting to note that, for cuprous 
oxide, the self-diffusion coefficients for both 
copper and oxygen are approximately the 
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same 3). It has been suggested that both copper 
and oxygen diffusion occur through the same 
transition, that is, oxygen and copper ions 
diffuse via vacancies in the copper lattice. 
Diffusion via oxygen vacancies was excluded 
because the oxygen diffusion coefficient increases 
with increasing oxygen pressure. 

The great difference existing between oxygen ~ 
and uranium diffusion coefficients in UOz implies 
that a direct coupling of the diffusion mechanism 
does not exist in UO2. Diffusion of oxygen in 
stoichiometric UO2 was considered to arise from 
the creation and mobility of interstitial oxygens 
and oxygen’ ion vacancies. For nonstoichio- 
metric UOe, oxygen diffusion rates increase with 
increasing amounts of interstitial oxygen. An 
interstitialey diffusion mechanism has been in- 
ferred for oxygen diffusion in nonstoichiometric 
UO:2 1¢,2c) 

If it is assumed that in stoichiometric UQs, 
the predominant thermal disorder in the cation 
lattice is also due to Frenkel type defects, then 4 
the measured activation energy for uranium ion 
diffusion is composed of two parts: the energy ~ 
required to create a uranium vacancy plus a_ 
uranium interstitial ion and the energy required 
to move the diffusion current carrier. It has 
been suggested that the diffusion current carrier 
is the uranium vacancy 2°). Measurements on 
the effect of nonstoichiometry (oxygen ion 
interstitials 14) and oxygen ion vacancies 1°) 
may clarify this problem. 
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The kinetics of the eutectoid transformation of a 
zirconium-uranium-hydrogen alloy with an atom ratio 
of 1:0.03:1 has been studied. During quenching 
through the eutectoid temperature, the transformation 
of the beta solid solution, in equilibrium in this alloy 
at 600° C, to metastable alpha prime occurred above 
490° C. The decomposition of alpha prime occurred 
rapidly above 450°C, being initiated in less than 
10 sec and going to completion in about 30 min. 
Below 450° C, the decomposition rate of alpha prime 
decreased rapidly. 

The reverse reaction of alpha zirconium and zirco- 
nium hydride to form beta at 600° C was very rapid, 
being initiated in less than 10 see and being 50 % 
complete in 100 sec. 


On a étudié les cinétiques de la transformation 
eutectoide d’un alliage uranium-zirconium-hydrogéne 
(rapport atomique 1:0,03:1). En traversant par 
trempe le palier de la transformation eutectoide, la 
transformation de la solution solide f, en équilibre dans 
cet alliage a 600°C, en phase métastable «’ se produit 
rapidement au-dessus de 450° C. De méme la décom- 
position de la phase «’ se produit rapidement au-dessus 
de 450° C; amorcée en moins de 10 secondes, elle est 


1. Introduction 


The continued use of the zirconium-uranium- 
hydrogen alloy as a reactor fuel-moderator 
material !) makes the kinetics of the eutectoid 
transformation in this alloy system of interest 
to reactor designers. This work describes the 
transformation kinetics of such an alloy having 
an  zirconium-uranium-hydrogen ratio of 
T0.03 -1. 

The equilibrium for the zirconium-hydrogen 
system, fig. 1, reveals a eutectoid at about 
540° C2). The addition of 1.63 at % uranium 
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totale au bout de 30 minutes environ. Au-dessous de 
450° C, la décomposition de la phase «’ est beaucoup 
plus lente. 

‘Le passage inverse de la phase « du zirconium et 
de Vhydrure de zirconium & la phase f a 600° C est 
trés rapide; la réaction est amorcée en moins de 
10 secondes et au bout de 100 secondes la trans- 
formation est & moitié achevée. 


Die Kinetik der eutektoiden Umwandlung einer 
U-Zr-H-Legierung mit einem Atomverhaltnis von 
0,03:1:1 wurde untersucht. Die Proben, die bei 600° 
im Gleichgewicht nur aus /-Kristallen bestehen, 
wurden durch die eutektoidische Temperatur abge- 
schreckt. Dabei geschieht die Umwandlung in meta- 
stabiles «’ oberhalb 490° C. Der Zerfall von «’ lauft 
nach einer Inkubationszeit von weniger als 10 Sek 
oberhalb 450° C rasch ab, und zwar findet die voll- 
standige Umwandlung innerhalb 30 Min statt. Unter- 
halb 450° C erfolgt der Zerfall von «’ viel langsamer. 

Die ricklaufige Reaktion von «-Zr und Zirkonium- 
hydrid unter Bildung der 6-Phase geschieht bei 600° C 
sehr schnell. Diese Reaktion setzt nach héchstens 
10 Sek ein und ist nach 100 Sek bereits zu 50 % 
abgelaufen. 


to the binary alloy moves the composition a 
small distance into the uranium-zirconium- 
hydrogen ternary, but does not change the 
equilibrium diagram appreciably. Most of the 
uranium remains in solid solution in the phases 
depicted in the zirconium-hydrogen binary; the 
eutectoid transformation temperature is ex- 
panded into a range of temperatures that 
extends from 537°C to about 550°C. The 
nature of the ternary system above the eutectoid 
transformation has been determined by La 
Grange and Dixon 2), 
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Fig. 1. Zirconium-hydrogen system. 

At equilibrium above 800° C the zirconium- 
uranium-hydrogen alloy is a body-centered- 
cubic zirconium-hydrogen solid solution. In the 
temperature range 800° to 550°C, the alloy 
consists of a mechanical mixture of beta and 
gamma zirconium hydride (a face-centered- 
cubic to face-centered-tetragonal modification 
of approximate composition ZrHj1.45). In the 
range 550° to 537° C, the beta solid solution in 
this mixture (roughly 2 parts gamma and | part 
beta) decomposes into a finely divided mechan- 
ical mixture of alpha zirconium (a hexagonal 
close-packed zirconium phase that can contain 
less than 1 % uranium in solid solution) and 
gamma hydride, in a ratio of about 2 alpha to 
3 gamma. The transformation occurred over a 
temperature range either because of the im- 


TaBE | 


Chemical analysis of uranium- 
zirconium-hydrogen alloy 


Element wt % 
Uranium 7.909 
Hydrogen 0.92 
Oxygen 0.0875 
Nitrogen 0.0038 
Iron 0.0909 
Silica 0.0048 
Aluminium 0.0052 
Manganese 0.0025 
Zirconium Balance 


purities present in the alloy (see table 1), or 
because all of the uranium was in solid solution 
in the alpha zirconium and zirconium hydride. 
Under nonequilibrium conditions, i.e., during 
rapid heating and cooling, reactions of this type 
are quite different, proceeding at various rates 
at different temperatures, and in many cases 
resulting in metastable phases not shown on 
the equilibrium diagram. Under these circum- 
stances, the reaction rates and products must 
be determined experimentally. Mehl *) gives a 
general discussion of reactions of this nature 
which have been encountered in different alloy 
systems. 


2. Experimental 


The zirconium-uranium-hydrogen alloy used 
was prepared by double arc-melting a com- 
pacted bar of zirconium sponge and uranium. 
The resulting 10 cm (4 in) billet was extruded 
to a rod 3.8 cm (14 in) in diameter and was 
hydrided at 800° C to 1.0 wt % hydrogen. The 
final alloy composition is shown in table 1. 

Because the eutectoid transformation is ac- 
companied by a volume decrease on heating, 
the reaction at a given temperature was followed 
by observing the volume change as a function 
of time with a quartz dilatometer which could 
accommodate a 7.5 cm (3 in) by 0.3 cm (2 in) 
specimen. The change in length was measured 
with a linear differential transformer actuated 
by a concentric quartz rod and tune. The 
sensitivity of this apparatus was about 1.3 x 10~4 


20 T eT T a 
a gar p 4 
Q 
x 
Zz 
= 30+ 
25 
= 
© 
Zz 
W 
+20, ; 

6 
> FROM ROOM 
TEMPERATURE 
4 1.0F 
W 
leg 
| L =i 1 1 = he 
6 5 10 15 20 25 30 35 
TIME (MIN) 
Fig. 2. Isothermal dilatometric reaction curve for 


a+ y—> FB at 605°C. 


322 


em (5x 10-5 in). The specimens were brought 
to equilibrium above the transformation tem- 
perature by inserting the quartz dilatometer, 
which contained the specimen, into a lead bath 
at 600°C. At this temperature, the change in 
length with time indicated that equilibrium 
was reached in less than 30 min. A typical 
dilatometer curve obtained by rapidly heating 
the specimen from room temperature to 605° C 
is shown in fig. 2. At this temperature most of 
the transformation occurs in less than 5 min, 
and the transformation is 90 % complete in 
about 10 min. The transformation below the 
eutectoid temperature was observed by step- 
quenching from the 600°C lead bath to a 
lower-temperature bath. A typical transform- 
ation curve below the eutectoid temperature, 
shown in fig. 3, reveals that the transformation 
at 470° C was initiated in less than 0.2 min and 
was 90 % complete in about 23 min. In all 
cases the response time of the dilatometer was 
insufficient to detect the volume change asso- 
ciated with the martensite transformation. 
The transformation products obtained at a 
given temperature were determined by X-ray 
diffraction. Small 0.3 em (4 in) by 1.3 em (4 in) 
disks were quenched from 600°C to a lower 
constant temperature, held for a predetermined 
length of time, then quenched in water. After 
grinding about 0.15 em (= in) from the disk 
face, the disk was etched with 45ml HNOs, 
50m! H20, and 5m] HF to remove any disturbed 
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metal, and X-ray diffraction patterns were 
taken from the disk faces. After the X-ray 
diffraction patterns were obtained, the speci- 
mens were polished and electroetched with 
10 % oxalic acid, which turned the zirconium 
hydride blue and the alpha zirconium and the 
martensite (alpha prime) yellow to gold. The 
metallographic identification of the phases was 
therefore relatively simple. 

The “martensite start’? (M/;) temperature 
was determined by measuring the temperature 
of the associated thermal arrest during a rapid 
quench. The time-temperature curves were 
obtained by: photographing the thermocouple 
output trace on an oscilloscope during the 
quench. The specimens used were approxi- 
mately 1.5 mm (% in) cubes. 


3. Results and Discussion 


The isothermal transformation diagram for 
the eutectoid reaction in the zirconium-uranium- 
hydrogen alloy is shown in fig. 4. The curves 
for the “transformation start’? were obtained 
by plotting the dilatometric results as a function 
of time, on the assumption that the fraction 
transformed was directly proportional to the 
observed volume change. The reaction above 
440° C starts in times shorter than the dilato- 
meter response time (about 10 sec), which 
makes the transformation start time in this 
region uncertain. Typical curves of the fraction 
of alloy transformed versus time are shown in 
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fig. 5. These curves deviate considerably from 
the form 
F(t)=1—exp (— Ki), 


derived by assuming a random distribution of 
nuclei, a constant rate of nucleation, and a 
constant rate of growth *). F(t) is the fraction 
transformed, K is a constant containing rates 
of nucleation and growth, n is a constant that 
depends on particle shape, and ¢ is the time. 


for « + y > B. 


It should be noted that the proeutectoid gamma 
surfaces in this alloy can serve as nuclei for the 
formation of gamma from the decomposition 
of alpha prime, and the distribution in this case 
will not be random. Below 400° C the reaction 
proceeded much slower; in this region only the 
transformation start time was determined. 
Metallographic examination of a specimen 
that was water-quenched from 600° C reveals 
that the beta solid solution transforms to an 
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Fig. 6. Cooling curve obtained from a specimen 
quenched from 600° C. 


200 


Fig. 7. Microstructure of specimen annealed for 1 h 
at 600° C quenched to 350° C held for 1000 min, and 
quenched to room temperature. Note the decompo- 
sition of «’ needles into platelets of « zirconium 
surrounded by y hydride. x 325. 


Fig. 8. Microstructure of specimen annealed 1 h at 
600° C and quenched to 500° C 


(a) Held for 1 min and quenched to room tempera- 
ture; « zirconium platelets from decomposition 
of x’; reaction 30 % complete. x 500. 


(b) Held for 10 min and quenched to room tempera- 
ture; reaction 90 % complete. » 500. 


(c) Held for 100 min and quenched to room tempera- 
ture; reaction 100 % complete. x 500. 
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acicular structure, alpha prime, which agrees 
with the observation of Whitwham >). The 
martensite start temperature was determined 
by measuring the temperature of the associated 
thermal arrest during quenching as previously 
described. Results from all such experiments 
showed a marked thermal arrest which occurred 
between 490 and 530° C. A typical curve for a 
specimen quenched from 600°C is shown in 
fig. 6. The magnitude of the thermal arrest and 
its position varied somewhat within the above- 
mentioned limits and for this reason the position 
of the M, in fig. 4 has been dotted. Metallo- 
graphic examination of the quenched specimen 
in all cases revealed that the beta phase present 
at 600° C transformed during the quench to the 
acicular alpha prime phase observed by Whit- 
wham; no proeutectoid precipitation was ob- 
served. The transformation denoted in fig. 4 
below 490° C, therefore, appears to be one in 
which the metastable alpha prime phase decom- 
poses into alpha zirconium and _ zirconium 
hydride. 

The X-ray diffraction patterns taken from 
specimens that were step-quenched from 600° C 
to various temperatures below the eutectoid 
temperature are identical to those obtained 
from specimens quenched directly from 600° C 
in water and show only patterns from zirconium 
hydride, alpha zirconium, and alpha uranium. 
Microstructures of specimens that were trans- 
formed at 500°, 400°, and 350° C for various 
times and water-quenched suggest also that 
the reactions observed are those resulting from 
the decomposition of the metastable acicular 
alpha prime. The alpha prime needles decompose 
into platelets of alpha zirconium (see fig. 7) 
surrounded by gamma hydride. Microstructural 
changes observed during the transformation at 
500° C are illustrated in fig. 8. The transform- 
ation products formed at 350°C resemble a 
bainite-like structure (see fig. 9). Microstructures 
of specimens transformed at 400° C are similar 
to those transformed at 350° C. 

To determine the nature of the transformation 
of this alloy when it is brought to equilibrium 
at a temperature higher than 600°C (thus 


enriching the beta solid solution in hydrogen), 
a specimen was heated for 1 h at 700°C and 
water-quenched. The resulting microstructure 
indicates that proeutectoid gamma zirconium 
hydride nucleates at the prior beta grain 
boundaries and forms long needles or plates 
that grow rapidly (in less than 0.2 sec) until 
they encounter another zirconium hydride plate 
or a grain boundary (see fig. 10). It should be 
realized that in the same manner a change in 
the equilibrium temperature above the trans- 
formation temperature will result in a corre- 


Fig. 9. Bainite-like structure obtained by annealing 
a specimen at 600° C, quenching to 400° C, holding for 
10 min and quenching to room temperature. x 650. 


Fig. 10. Microstructure of specimen annealed 1 h at 

700° C and quenched to room temperature. Plates of 

gamma hydride rejected from beta during quench. 
x 650. 
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sponding change in the composition of the beta 
and in different transformation kinetics. 


4. Conclusions 


During quenching through the eutectoid 
temperature, the transformation of the beta 
solid solution, in equilibrium in this alloy at 
600° C, to metastable alpha prime occurs rapidly 
above 490° C. The martensite start temperature 
was unusually high—about 510 + 20°C. 

The decomposition of alpha prime occurs 
rapidly at temperatures above 450° C, being 
initiated in less than 10 sec and complete in 
about 30 min. Below this temperature, the 
decomposition rate falls off rapidly; the trans- 
formation product resembles a_ bainite-like 
alpha plus gamma. 

The reverse reaction of alpha zirconium and 
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zirconium hydride transforming to beta at 
600° C is very rapid, being initiated in less than 
10 sec and 50 % complete in 100 sec. 

The author is indebted to Mr. D. Guggisberg, 
who conducted most of the experimental work. 
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Nous avons irradié des alliages uranium-molybdéne 
ayant la composition de U2Mo, composé de structure 
quadratique ordonnée. 

Deux séries @irradiation ont été faites l'une dans 
EL 2 & une température comprise entre 20 et 65° C, 
Vautre dans la pile Mélusine a la température de 
Vazote liquide. 

L’étude cristallographique a montré que le passage 
de la structure quadratique de la phase y’ a la structure 
cubique de la phase y se fait de fagon continue quand 
le taux d’irradiation croit. On trouve finalement que 
le réle des collisions est prépondérant dans la mise 
en désordre de cet alliage et que leur nombre est 
voisin de 300 000 par fission. 


We have irradiated U-Mo alloys having the composi- 
tion of UzMo, a compound with an ordered tetragonal 
structure. Two series of irradiation experiments have 
been carried out: one in the EL 2 reactor at tempera- 
tures between 20 and 65°C and the other in the 
““Melusine”’ reactor at the liquid nitrogen temperature. 

Crystallographic analysis of the samples at various 
stages of irradiation showed that the transformation 


Si une pointe de fission s’accompagne de 
fortes oscillations du réseau, on peut se demander 
si ces oscillations ne sont pas suffisantes pour 
entrainer la fusion du corps considéré. I] n’est 
pas bon de parler de température a propos de 
ce phénoméne, la notion de température étant 
liée & un é€quilibre. On peut cependant s’en 
servir simplement pour repérer une énergie et 
du coup une amplitude d’oscillation. 

Si la température ainsi définie est supérieure 
a la température de fusion dans un volume 
notable autour de la trace de la pointe de 
fission, on peut avoir un changement de phase 


from the y’ phase tetragonal structure to the y phase 
cubic structure was a continuous function of the 
burn-up. It was also shown that collisions are mainly 
responsible for disordering this alloy and that there 
are about 300 000 collisions per fission. 


Wir haben U-Mo-Legierungen mit einer Zusammen- 
setzung entsprechend UzMo bestrahlt. Diese Ver- 
bindung weist eine geordnete tetragonale Struktur 
auf. Es wurden zwei Arten von Bestrahlungsexperi- 
menten gewahlt: Eine Reihe fand bei Temperaturen 
zwischen 20 und 65°C im EL 2-Reaktor statt, die 
andere bei der Temperatur flussigen Stickstoffs im 
‘““Melusine’’-Reaktor. 

Eine kristallographische Untersuchung verschieden 
stark bestrahlter Proben zeigte, dass der Grad der 
Umwandlung aus der tetragonalen y’-Phase in die 
kubische y-Phase eine Funktion des Abbrandes ist. 
Ferner wurde gezeigt, dass fiir die Auflésung der 
Ordnung dieser Legierung vornehmlich Zusammen- 
stésse massgebend sind, und dass pro Spaltung etwa 
300 000 Zusammenstésse vorkommen. 


si le corps considéré est polymorphe. C’est ainsi 
que Wittells et Sherill!) ont montré qu’en 
bombardant de la zircone monoclinique par des 
particules de fission on obtenait de la zircone 
cubique, stable d’ordinaire a haute température. 
Les raies du diagramme de la phase cubique se 
superposent progressivement a celles de la phase 
monoclinique jusqu’au moment ou _ celles-ci 
disparaissent (fig. 1). 

On peut interpréter cette expérience en 
admettant que le long de la pointe de fission un 
certain volume, un cylindre par exemple, est 
transformé en phase cubique. On peut se 


t+ Service des Eléments Combustibles au Plutonium et d’Etudes Radiométallurgiques CEN, Saclay. 
tt Laboratoire de Physico-Chimie et Basses Températures — CEN, Grenoble. 
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i one: 


demander s’il en est ainsi dans tous les cas et 
en particulier dans celui des métaux. C’est ce 
qui nous a amené a étudier la mise en désordre 
de la phase U2Mo. 

Un alliage désordonné de cette composition 
a une structure cristalline cubique centrée. La 
mise en ordre de cette phase conduit a une 
structure quadratique composée de trois cubes 
centrés aplatis (fig. 2). L’aplatissement est de 
Vordre de quelques pour cent; néanmoins le 
volume de la maille quadratique differe tres 
peu de celui de trois mailles cubiques, la différence 
relative étant inférieure 4 10-8. Le parametre 
d’ordre a grande distance n’a jamais été mesuré 
de fagon trés précise et d’ordinaire nous établis- 
sons l’ordre par un recuit prolongé a 500° C. 
La fig. 3 indique le diagramme d’équilibre U-Mo 
dans la région considérée 2). On voit que la mise 
en désordre se fait dans un intervalle de tempé- 
rature mal défini compris entre 575 et 605° C, 
et la fusion & 1200° C. 

Si dans un tel alliage la température dépasse 
le point de fusion, on doit voir apparaitre les 
raies de la phase y cubique centrée en méme 


@Mo 


OU 


Js BLOCH SI? DOW EAT EDS) bustin: 


Poids % Mo 
Bo eS OO wailiaeat 1S S14 1S Se 7 eS eo 
The SSS iy a 800 


750 


+700 


¥+Mo 
L650 


L600 


A+ 


565 +5° Peet 
pe iss 
| | 

a+ ‘Ss | S : E + Mo ee 
a 
! 450 
20 25 30 235) 


Atomes % Mo 


Fig. 3. 


temps que les raies de la phase quadratique. 

Tel n’est pas le cas et J. Bloch?) a montré 
que les raies de la phase quadratique se rap- — 
prochaient progressivement pour finalement se 
fondre (fig. 4). Les diagrammes de rayons X 
ont été faits sur un diffractomeétre a compteur 
destiné 4 l’examen des matériaux irradiés, la 
précision relative obtenue sur le paramétre 
étant égale a 10-4. L’appareil est décrit dans 4). 
On peut de cette observation conclure que les 
oscillations du réseau ne jouent pas un réle 
dominant et que la mise en désordre ne se fait 
pas par fusion. 

On pourrait alors imaginer que la température 
atteinte dans la pointe de fission est inférieure 
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a la fusion et qu’un processus de diffusion de 
défauts dans le domaine y assure la mise en 
désordre. Cette explication est réfutée par les 
expériences a basse température et d’ailleurs 
va en sens contraire d’un certain nombre 
darguments théoriques. 

Tl reste done comme explication possible une 
mise en désordre par les collisions. Ces collisions 
créent le désordre point par point dans un 
domaine assez étendu. Les atomes aux mauvaises 
positions dans le réseau créent les tensions a 
grande distance et altérent la parameétre comme 
dans le cas des solutions solides. On obtient 
ainsi une variation continue de paramétre. 

La fission, on le sait, s’'accompagne de la 
création d’un grand nombre de défauts. Presque 
tous ces défauts disparaissent trés rapidement 
apres le passage de la particule. Il en reste 
quelques-uns’ sur place qui peuvent en se 
déplagant a une température inférieure a 600° C 
assurer une remise en ordre. 

Nous supposons que cette mise en ordre ne 
joue qu'un role néglhgeable en regard du grand 
nombre d’atomes déplacés par fission. 

Cela étant, on peut estimer le nombre de 
permutations qui ont lieu a chaque fission. Le 
nombre de permutations nécessaires pour mettre 
en désordre le réseau est en effet égal aux = du 
nombre total d’atomes. On trouve ainsi en 
tracant la courbe de saturation du paramétre 
en fonction du flux (fig. 5) un nombre de 
permutations par fission égal a 
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Le nombre des collisions est plus élevé puisque 
Von n’apercoit par cette méthode que celles 
qui aménent a une permutation. On peut 
admettre sans entrer dans les détails qu’une 
moitié des collisions est visible, ce qui améne a 
un nombre de collisions par fission égal a 
3 LAL Oe 

Ce raisonnement serait tres en défaut si les 
atomes d’uranium heurtaient de préférence 
d’autres atomes d’uranium et prenaient finale- 


ment leur place. Ce fait serait sans doute a 
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prendre en considération dans le cas d’une trés 
grande différence de rayons atomiques, ce qui 
n’est pas le cas ici. 

Si ce mode d’explication est correct, il ne doit 
pas y avoir de différence notable entre les 
expériences faites & température ordinaire et a 
basse température. C’est ce qui nous améne a 
irradier des alliages U2Mo a la température de 
Vazote liquide, tout en faisant les mesures a la 
température ambiante. Les irradiations ont été 
faites dans une boucle a azote liquide en 
fonctionnement dans la Pile Mélusine au Centre 
d’Etudes Nucléaires de Grenoble. Cette boucle 
est décrite dans 5). Cela suppose comme précé- 
demment que le retour a lVordre par l’inter- 
médiaire des lacunes est négligeable. La plus 
erande difficulté se trouve en fait du cdté 
expérimental et a trait aux mesures de flux de 
neutrons. 

La figure 6 indique la variation du paramétre 
en fonction du flux pour les échantillons irradiés 
a basse température et 4 température ordinaire. 
Nous avons également indiqué la variation de 
Vordre avec le flux intégré de neutrons. 

La différence entre les deux expériences est 
faible et une analyse de la courbe de saturation 
a basse température indique un nombre de 
collisions par fission égal 4 1,6 x 105. 
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Ces mesures donnent des nombres d’atomes 
déplacés voisins de 300 000, valeur qui a été 
jadis avancée par plusieurs théoriciens. Si 
Vhypothése déja soulignée d’une influence négli- 
geable des lacunes restant aprés la fission est 
admise, on peut conclure de ces mesures que les 
collisions ne provoquent presque pas de change- 
ments de positions du type “crowdion dynami- 
que’. Du fait qu'il s’agit d’un alliage ot les 
nombres atomiques sont trés différents il n’y 
a la rien de surprenant. 

On trouve donc finalement que le réle des 
collisions est prépondérant dans Virradiation 
de cet alliage sur celui des oscillations du réseau 
et que ce nombre est voisin de 300000 par 
fission. 
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One of the uncertainties involved in the utilization 
of coldpressed and sintered UOz for reactor fuel 
elements has been the lack of adequate data con- 
cerning those factors affecting the thermal performance 
of oxide fuel elements. A series of in-pile experiments 
has been completed which were designed to measure 
the “effective” thermal conductivity of UOz as a 
function of the diametral clearance between fuel and 
cladding, the gap-filling gas atmosphere and the 
central temperature of the fuel. The experiments 
indicate a marked sensitivity of fuel element thermal 
conductivity to initial assembly clearance as a result 
of the thermal resistance barrier at the fuel-clad gap. 


Une des incertitudes invoquées pour l'utilisation 
d’UOz comprimé & froid et fritté comme matériau 
combustible de réacteur est le manque d’informations 
précises concernant les facteurs de performance 
thermique des combustibles a base d’oxyde. Une série 
d’expériences en pile a été effectuée dans le but de 
mesurer la conductibilité thermique “effective” de 
UOz en fonction du jeu entre le combustible et le 


1. Introduction 


One of the most promising and widely used 
ceramic fuels for power reactors is cold-pressed 
and sintered UOs. It is presently being used in 
this application in the Shippingport Pressurized 
Water Reactor (PWR) Core I blanket fuel 
elements in the form of canned cylindrical 
pellets. One of the major disadvantages of UO2 
as a fuel material is its low thermal conductivity. 
Since a low thermal conductivity limits the rate 
at which heat can be removed from the fuel 
element, this property of the ceramic fuel is one 
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gainage, du gaz de remplissage et de la température 
au coeur du combustible. Les expériences indiquent 
une sensibilité trés marquée de la conductibilité thermi- 
que du combustille vis-a-vis du jeu initial en raison 
de la formation d’une barriére de résistance thermique 
dans l’espace combustible-gaine. 


Eine der Unsicherheiten bei der Anwendung von 
kaltgepresstem und gesintertem UOz fur Reaktor- 
brennelemente war der Mangel geeigneter Unterlagen 
uber diejenigen Faktoren, welche die thermischen 
Eigenschaften von Oxydbrennstoffen beeinflussen. 
Eine Reihe von Reaktor-Bestrahlungsexperimenten 
wurde unternommen, um die “‘effektive’’ thermische 
Leitfahigkeit als Funktion des radialen Abstands 
zwischen Brennstoff und Hise, der dort eingeschlos- 
senen Gasatmosphare und der Temperatur im Brenn- 
stoffkern zu messen. Die Ergebnisse zeigen, dass die 
Warmeleitung von Brennelementen wegen des Warme- 
widerstands des Spalts zwischen Brennstoff und Hiilse 
merklich von der urspriinglichen geometrischen An- 
ordnung abhangt. 


of the major limitations on specific power 
capabilities of oxide fuel elements. 

When the design parameters of PWR Core I 
were established, the decision was made that 
centerline melting in the blanket rods should 
not be permitted 1). This decision was made on 
the basis of failures which were encountered in 
irradiation tests where extreme melting had 
occurred and the inability to assign a limit to 
the amount of melting tolerable. Since use of 
the available out-of-pile thermal conductivity 
values did not explain the observations of 
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So it. 


structural changes in UOz from PWR type rods 
irradiated under a variety of heat generation 
conditions, the limiting amount of heat genera- 
tion that would preclude centerline melting was 
set on the basis of phenomenological obser- 
vations of grain growth and melting in PWR 
test rods. The values of heat generation per 
centimeter of length so estimated to prevent 
structural changes attributed to fuel melting 
were 549 watt/em for undefected rods with an 
as-assembled diametral clearance of 0.0038 to 
0.010 cm, and 440 watt/em for defected rods 
exposed to a water coolant with the same as- 
assembled clearance 1). 

Out-of-pile measurements of the thermal 
conductivity of sintered UOzg have been reported 
by Kingery et al. 23), Hedge and Fieldhouse *), 
Scott 5) and Deem and Lucks °). Several different 
measurement methods were employed and their 
results differ by as much as 35 %. This dis- 
crepancy is understandable when one considers 
the difficulties encountered in thermal conduc- 
tivity measurements at high temperatures, and 
the differences in experimental technique and 
sample preparation employed. 

The data of the above investigators are plotted 
in fig. 1. All the data are converted to 95 % 
(10.41 g/cm*) of theoretical density for direct 
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comparison with the experimental data reported 
in this report. 

Since the relatively poor thermal conductivity 
of UOz is perhaps the biggest drawback to its 
utilization as a reactor fuel, and because the 
out-of-pile data could not predict the effects of 
fuel element variables on the thermal perform- 
ance of ceramic elements, it became clear that 
a study of these variables should be undertaken. 
Therefore, an experiment was designed to 
measure the average thermal conductivity of 
UO, from the fuel center (7) to the inner 
surface of the cladding (7;) by utilizing the 
radial heat flow method in-pile. This measured 
value can be designated as the “effective” 
thermal conductivity of UOz and includes the 
temperature drop between the oxide and 
cladding. The in-pile method uses the heat 
generated by the fission process in the body of 
the fuel to secure a temperature differential. 
This paper presents a description of the experi- 
ments and the available results of the investi- 
gation. A second purpose of the experiment was 
to establish the existence of irradiation effects 
on UOz thermal conductivity at significant 
burnup and temperature levels. The experi- 
mental principle utilized in these experiments 
is simultaneous measurement of center tempera- 
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ture and heat generation rate, the latter by 
measurement of temperature gradients in the 
metal capsule surrounding the fuel. 


2. Experiment Description 


2.1. CAPSULE DESCRIPTION 


An artist’s sketch, with the major parts 
labeled, of the instrumented capsule assembly 
utilized in the WAPD-22 series of experiments 
is shown in fig. 2. The capsule parts are fabri- 
cated from 304 stainless steel. This material was 
selected for measurement of heat generation 
rates both because its low thermal conductivity 
increased the sensitivity of temperature measure- 
ment and because irradiation and cold work 
effects on thermal conductivity would be mini- 
mized in a highly alloyed material compared 
with a pure metal. The fuel containing capsules 
have a ground inside diameter (8 RMS) of 
0.907 or 0.922 cm and an outside diameter of 
2.8575 cm, the latter dimension designed to fit 
an X-basket container in the Materials Testing 
Reactor (MTR). The UQs2 pellets contain a 
centered 0.1702 cm diam hole to align the center 
thermocouples. The pellets are centerless ground 
(8 RMS) on the O.D. and end ground to a 
height of 0.7976 cm. Each test capsule contained 
15 pellets with a nominal fuel length of 11.96 cm. 
Various assembly clearances between capsule 
and oxide are achieved by grinding the pellets 
to a suitable diameter. 

A pair of Pt-10 Rh thermocouples, insulated 
with MgO and clad with annealed Inconel to a 
diameter of 0.159/0.165 cm, is utilized to 
measure the center temperature of the UO. The 
heat flux is simultaneously measured in the 
stainless steel capsule by the temperature 
difference in three pairs of accurately located 
iron-constantan thermocouples located azimu- 
thally around the bore and 120° apart with a 
nominal separation of 0.61 cm between the 
thermocouples. The heat flux thermocouples are 
insulated with ZrOzg and clad with annealed 
304 L stainless steel. In addition, a 304 stainless 
steel capsule containing an additional pair of 
ZrOz insulated iron-constantan thermocouples 
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is included in the assembly (19.05 cm above the 
fuel centerline) to provide a continuous measure 
of the magnitude of the gamma heating in the 
stainless steel. A 8.53 meter protection tube of 
304 stainless steel is used to bring the ten 
thermocouples out of the reactor. At full reactor 
power, center temperatures as high as 1175° C 


Pair of I-C 
thermocouples to 
measure heat flux 


Pair of Pt-IO Rh 
thermocouples to measure 
center temperature of UOo 


Cold pressed & 
sintered UOo 


Stainless Steel 
capsule 


aa 


e Stainless Steel Gamma 
@ heat capsule 


Fig. 2. Cut-away view of WAPD-22 capsule assembly. 
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and temperature drops across the thermocouple 
pair of 240°C were attained. 

The above description fits all the WAPD—22 
instrumented capsule experiments except the 
WAPD-22-1. In this, the first experiment 
assembled, the center temperature was measured 
by one Pt-10 Rh thermocouple entering the top 
of the capsule and measuring the temperature 
in a hole drilled through 7 pellets and halfway 
through the eighth pellet, the balance of the 
pellets being solid. The heat flux was measured 
by two pairs of iron-constantan thermocouples 
located azimuthally around the bore 180° apart. 
In addition, the 22—1 experiment did not contain 
a gamma heat capsule and the gamma heat 
values used in the thermal conductivity calcu- 
lations for this test were assumed. 

In the assembly of an experiment, the center 
thermocouples are sealed into 304 stainless steel 
end caps by means of a double silver solder 
(Kasy Flo # 3) seal. The seals are checked at 
each stage of assembly with a helium leak 
detector, as are the stainless to stainless welds 
at the top and bottom end caps of the capsule. 
The pairs of Fe-con thermocouples are also 
sealed into the fuel capsule and the gamma 
heat capsule by means of silver solder. The 
entire assembly is fastened together while 
positioned in a straight copper “V”’ block to 
assure straightness, and stainless to stainless 
welds are made at all major joints and connecting 
posts. 

The WAPD-22 capsules contained various 
gas atmospheres and in one case a vacuum. In 
the case of the vacuum capsule, the method 
consists of welding a stainless steel tube to the 
bottom end cap which has a small drilled hole, 
evacuating the fuel assembly, and sealing the 
tube by heating and pressure welding. To insert 
a gas atmosphere, the fuel assembly is evacuated 
through a vacuum stopcock and the gas inserted 
through a connected second stopcock. The tube 
is again sealed by heating and pressure welding. 

The capsule assembly is given a final leak test 
by immersing all the components in liquid 
nitrogen followed by an alcohol bath. If any 
leaks are present, the liquid nitrogen cools the 
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gas in the cavity and allows the cavity to fill 
with liquid nitrogen. Upon transferring to the 
alcohol bath, the liquid nitrogen vaporizes and 
any leaks present are detected by a stream of 
bubbles. This method has proved quite sensitive 
for detection of leaks. In addition, the whole 
assembly is placed in boiling water and held 
until temperature equilibrium is established and 
a final check of the thermocouples is made. 
Finally, the protection tube and associated seals 
are pressure tested with 400 psi helium. A moly 
complete description of the capsule assembre 
is given in %). 


OO AD OA DIE 


Several types of UO: pellets were utilized as 
the heat source in the WAPD-22 experiments. 
While most of the tests were run using PWR 
Core I production pellets of natural uranium, 
other tests contained laboratory-prepared natu- 
ral UOs, slightly enriched laboratory-prepared 
UOs and steam oxidized UOs. 

The manufacturing process 8) of the PWR 
production pellets consisted of four operations; 
namely, (1) agglomeration, (2) compaction, 
(3) sintering, and (4) grinding. The natural UOz 
in these pellets was supplied by the Mallinckrodt 
Chemical Works. In their process, molten uranyl 
nitrate hexahydrate (UNH) is pyrolized to UO3 
and reduced to UOzg with cracked ammonia to 
an apparent density of 3 g/em3. The particles 
were agglomerated with polyvinyl alcohol, 
blended with sterotex and compacted at 125 tsi 
to a green density of 73-74 % of theoretical. The 
pellets were sintered for 8 h at 1675°C to a 
final density of 93-95 %. 

In the laboratory prepared UOg 9: 1°), UNH 
was converted to UOs in porcelain ware at 
200-400° C. The coarse UO3 was milled for 
16 h in a Zircaloy-2 ball-mill. The UOs3 
(—200 mesh) was reduced in platinum boats 
with dry hydrogen at 800° C to UOs. The UOz 
was ball-milled in a rubber-lined vessel using | 
0.953 cm diam uranium balls. The UOz was 
granulated with 1-2 °% polyethylene glycol 
binder and pressed at 20-40 tsi into pellets. The 
green pellets were sintered at 1750° C for 14h 
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to a density of 94-96 % theoretical. The UOzg 
produced under laboratory controlled conditions 
undoubtedly contained less impurities than 
production pellets of the same composition— 
though analyses failed to detect significant 
differences; analyses agreed with those given 
in 1), 


2.3. 


The radial heat flow method of calculation 
used considers the UOzg and the gas-filling 
atmosphere as “‘smeared’”’ and yields a conduc- 
tivity averaged between the stainless steel-gas 
interface and the center of the UOe. As noted 
above, the center temperature of the UOz, was 
measured with a pair of 0.159 cm diam Inconel 
clad Pt-10 Rh thermocouples whose readings 
were averaged for calculational purposes. The 
heat generation in the UQ2 was calculated from 
the temperature difference in each respective 
pair of accurately located 0.159 cm diam Fe-con 
thermocouples whose readings again were aver- 
aged. Two capsules (22-1 and 22-3) were 
irradiated in reflection position A-28—NE of the 
MTR with an advertised flux of (1—1.5) x 10% 
nvt thermal, after which the 9 remaining experi- 
ments were irradiated in the A-31-SE reflector 
position which had an advertised flux of 
(2.5-3.0) x 10144 nvt thermal. The reactor was 
raised to maximum power of 40 MW in 5 or 
10 MW increments at each reactor startup. 
From the data obtained during such startups, 
values of the “effective” thermal conductivity 
required to produce the observed center temper- 
atures in the UO: ranging from 75 to 1180° C 
could be calculated. 

The heat generation rate in the oxide was 
caleulated from the temperature distribution 
in the stainless steel capsule by the following 
general expression appropriately adjusted for 
each thermocouple position: 


CALCULATION METHOD 


where 
tae Q ‘ily ul 55 Ba iataes 21, 10 
KAT = 51 nr = ah ramet (| mn | (1) 
k = thermal conductivity of 304 S.S. 


(W/cm °C) 
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Q/l = heat generation rate per unit length 
in oxide (W/cm) 


ro = outer radius (cm) 


7; = inner radius (cm) 
AT = temperature difference (°C) between 
7, and 7o 
Py = gamma heating (W/cm’). 


In the calculations of the temperature distri- 
bution in the 304 8.S. and subsequent calcula- 
tion of the heat generation in the UOs, a value 
of 0.16 W/cm °C (9.3 Btu/h-ft—°F) for the 
thermal conductivity of this material was 
utilized. The out-of-pile values reported by 
Smithells 11) indicate that the thermal conduc- 
tivity of annealed 304 S.S. increases from 0.16 
to 0.18 W/cm °C in the 30-300° C range usually 
present in the capsule wall during irradiation. 
It would be anticipated from electrical resistivity 
changes under irradiation [(2.2—6.6) x 102° nvt] 
for annealed 347 S.S. that the thermal conduc- 
tivity would be reduced by no more than 2 % 12). 
Bruch 12) also reported that the electrical 
resistivity of cold worked (58 % reduction of 
area) 347 8.8. after an exposure in MTR of 
(2.3-6.9) x 1029 nvt increased only 2.3 %. The 
electrical resistivity of the cold worked stainless 
was about 18 % lower than that of the annealed 
material in pre-irradiation measurements. 

The 304 8.8. used in the WAPD-22 experi- 
ments was purchased in the annealed condition 
and was found to contain less than 5 % cold 
work as determined from Brinell hardness 
measurements. From the above information on 
electrical resistivity of annealed and cold-worked 
stainless steel, and to compensate for effects of 
irradiation on thermal conductivity, the lower 
limit value of 0.16 W/cm °C for 304 S.S. was 
arbitrarily selected since the temperatures 
measured in the capsule wall were found in all 
cases to be greater than 30°C. However, it 
should be pointed out that the presence of the 
small amount of cold work in the capsule wall 
and the unknown effect of irradiation on the 
thermal conductivity of 304 8.8. indicate that 
the error in the calculated heat generation due 
to the selected conductivity value could be as 
great as 10 %. 
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After using eq. (1) to establish the heat 
generation in the UO, the “effective” thermal 
conductivity of the fuel was calculated by: 


SH 


fear ae 
| kdo—bar = 5/5 -neine | (2) 
Ts, 
where 
k = thermal conductivity of UOz (a func- 
tion of temperature) 
k' = “effective” thermal conductivity 
(W/cm °C) 
q = heat generation rate (W/cm?)=Q/l 


Lama] 


ro = outer radius of fuel (cm) 


71 = inner radius of thermocouple well (cm) 
AT = temperature difference between stain- 
less bore (Z7';) and fuel center 
(T.)=T.—T; (°C) 
Ts; = surface temperature of fuel. 
The calculations for these experiments were 
based on the assumption that uniform heat 


generation occurred throughout the natural 
UOz pellets. A complete set of sample calcu- 
lations together with a discussion of the experi- 
mental uncertainties and a listing of the experi- 
mental and calculated results is in ref. 7). 
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2.4, List OF EXPERIMENTS 


The WAPD-22 series consisted of 11 in-pile 
experiments. The results of the first experiment, 
designated 22-1, were presented in 12). The first 
experiment consisted of natural UO: production 
pellets assembled with a diametral clearance 
of 0.0089 cm and an atmosphere of helium in 
the fuel chamber of the capsule. As previously 
discussed, this experiment contained no gamma 
heat measuring capsule in the assembly, one 
center temperature thermocouple and two pairs 
of heat generation thermocouples. Variables 
investigated in subsequent experiments included 
three different filling media; a 3:1 mixture by 
volume of xenon plus krypton at atmospheric 
pressure, helium at one atmosphere pressure, 
and a vacuum of less than 10 mm; a range 
of as-assembled diametral clearances from 0 to 
0.033 cm; plus various types of fuel such as 
natural, slightly enriched and non-stoichiometric 
oxide. The zero clearance capsules were prepared 
by shrink fitting cold UOz pellets in the capsules 
heated to 400° C. Three experiments were per- 
formed using laboratory prepared oxide; these 
were the 22-5 (natural), 22-6 (non-stoichio- 
metric natural) and 22-15 (1.02 % enriched); 
the rest of the experiments used PWR produc- 
tion pellets of natural UO. A list of the experi- 
ments together with the assembly conditions, 


TABLE | 

Exp. Asasembled) o/ Theo.|  Gas-filling Type of | No.days| MTR | Estimated bie 
number So deg density | atmosphere UOsz irradiated | position totalespesut: oP) 

nvt thermal (fiss/ec) 
22-1 0.0089 94 Helium Production 15 A28NE OrSme ce O22 6.5) x Los 
22-2 0.020 93.5 Vacuum Production 1 A31SE O;LOS aa 028 Ue} Se UES 
22-3 0.020 92.6 Helium Production 15 A28NE | 0.67 x 1022 | 5.3 x 1018 
22-4 0.0038 93.7 Helium Production 1 A31SE 0.43 x 1018 3.6 x 1016 
22-5 0.0038 94.1 Helium Laboratory 38 A31SE 0.50 x 1021 | 3.6 x 1029 
22-6 0 96.7 1 Kr + 3Xe Lab.—U0Oz.15 15 A31SE 0.19 x 1072 | 1.5 x 1029 
22-7 0.033 95.0 1 Kr + 3Xe Production 15 A31SE 0.19 x 1024 Oe Loe 
22-9 0.020 93.8 1 Kr + 3Xe Production 1 A31SE 0:46 « 1018 | 3.8 x 10 
22-11 | 0 94.9 1 Kr + 3Xe Production 45 A31SE 0.57 x 1022 | 4.1 x 1019 
22-14 | 0.0064 94.1 1 Kr + 3Xe Production 30 A31SE 0.32 x 1024 | 2.4 «x 1019 
22-15 | 0.0089 96.3 1 Kr + 3Xe Laboratory 15 A31SE 0.14 x 1021 | 1.6 x 1019 

(enriched to 
1.02 %) 
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Fig. 3. “Effective” thermal conductivity of PWR production UOz in WAPD-22 experiment. 
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exposure (nvt thermal) and burnup (fissions/cm?) 
is presented in table 1. 


3. Experimental Results and Discussion 


ie 

The heat transfer situation in oxide fuel 
elements is complicated by several unique charac- 
teristics each of which, as will be shown below, 
affect in an important way the thermal capabi- 
lities of the fuel element. The first of these is the 
poor thermal conductivity of uranium oxide 
and the rapid change of this property with 
temperature. The second is the fact that the 
fuel is unbonded to the cladding and that in 
general a gap exists upon assembly between 
fuel and cladding; estimation of the size of the 
gap and its effect on fuel performance is com- 
plicated by cracking of the brittle fuel as a 
result of the thermal stresses developed during 
operation. The third is the possible effect of the 
irradiation exposure on the thermal conductivity 
of the fuel. 


EXPERIMENTAL RESULTS 


3.1.1. “Effective” Conductivity of Production 


UO2 
The results of the experiments utilizing PWR 
production UOz pellets are shown in fig. 3. 
These curves show the variation of the “‘effec- 
tive’ thermal conductivity k’ (2) expressed as 


Zo 
f kao 
Ts 
AME meg Dh 


versus the central fuel temperature as a function 
of varying fuel-clad gap and gas atmosphere, 
assuming 7',=7';. These data are compared with 
the out-of-pile Kingery data 2.3) calculated from 
the empirical expression 


Le 
f 1855 7-09 aT 
Ts 


Low T4 
in which 7 is given in °F and K in Btu/h ft °F 
which described the curve for UO, 95 % 
(10.41 g/cm?) of theoretical density using the 
temperatures for the 22-11 experiment during 
its original reactor startup for the comparison 
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at each center temperature. The choice of this 
set of out-of-pile data for comparison will be 
discussed below together with that of other 
out-of-pile investigators. 

From the data plotted in fig. 3, it may first 
be noted that a continual drop in “effective” 
thermal conductivity occurs as the assembled 
diametral clearance increases from zero to 
0.0089 cm. Beyond this value of assembled 
diametral clearance to a value of 0.033 cm, the 
conductivity remains relatively unaffected. It 
may further be noted, comparing the results 
of 22-2, 22-3, and 22-9 with initial vacuum, 
helium, and Kr + 3 Xe atmospheres respectively 
(at 14.7 psi assembly pressure in the latter two 
experiments) and 0.020 cm diametral assembly 
clearance, that initial atmosphere within the 
sheath has no apparent effect. 


3.1.2. Oxide Conductivity and Contact Conduct- 


ance 

A comparison of the data in fig. 3 for the zero 
clearance experiment with the out-of-pile meas- 
urements of Kingery 2:3) and Scott 5) plotted — 
in fig. 4, again using the temperatures for the 
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22-11 experiment, indicates that only the 
Kingery data are completely adequate to ex- 
plain the experimental observations. This is 
justified on the assumption that the intrinsic 
thermal conductivity of UOz cannot be lower 
than the “effective” thermal conductivity of 
UOz as measured in this experiment. Also, 
irradiation would be expected and has been 
observed only to decrease thermal conductivity. 
Since the data plotted in fig. 4 indicate that the 
Scott measurements predict lower conductivities 
than those actually measured above 500° C, and 
since the other measurements in fig. 2 are even 
lower than the Scott data, the Kingery data 
alone have been used in the discussion below, 
for reconciling the experimental measurements 
of the present investigation. 

In the 22-11 experiment, which is plotted in 
fig. 5 for eight separate reactor startups and in 
which the pellets were inserted in the sheath 
with a press-fit, it was possible to estimate the 
pressures developed between the fuel and the 
sheath by calculating the relative thermal ex- 
pansions of fuel and cladding. The variations 
between the startups are attributed to the 
cracking of the fuel and shifting and relocation 
of the fuel particles in successive startups. The 
cladding expansion is calculated by applying 
the formulae for thermal stresses in a long 
thick-walled cylinder as developed by Timos- 
henko 18). The unit pressure between the fuel 
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and the sheath is calculated by the press-fit 
assembly formula for two dissimilar materials 
as described by Horger 1‘). 

With the assumption of the applicability of 
the Kingery out-of-pile thermal conductivity 
data, the fuel surface temperatures (7's) were 
calculated and, from the value of 7; obtained 
from (1), the fuel-sheath contact conductances, 
defined as Q/(7s—Ti), were determined. The 
results obtained in several reactor startups are 
plotted in fig. 6, and indicate as anticipated a 
marked dependence of contact conductance on 
pressure. The decrease in thermal conductance 
after the first startup may well be attributable to 
plastic deformation of the stainless steel sheath 
during the initial startup with a consequent 
increase in cold clearance or possibly to a change 
in the thermal conductivity of the UO2 due to 
irradiation or fuel cracking. The calculations of 
pressure were based on the premise that the 
dimensions of the fuel and sheath were unaltered 
by the exposure. Note also that the decrease in 
thermal conductance after the first startup can 
serve to explain the apparent decrease in 
thermal conductivity for each subsequent start- 
up as shown in fig. 5. It is also notable that the 
thermal conductivity increased to about the 
same value as the reactor achieved full-power 
at 40 MW or as the fuel centerline temperature 
exceeded 500° C. It is further to be noted that, 
in spite of the relatively high burnup level 
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attained in this experiment (4.1 x 1019 fissions/cc) 
no effect of irradiation on UOzg thermal con- 
ductivity at temperatures above 500° C can be 
detected. 

3.1.3. “Effective” Thermal Conductivity of 
Laboratory UOz 


Mention should be made at this time of the 
experiments assembled with sintered UO: pellets 
prepared from laboratory purified oxide. Two 
experiments were conducted using laboratory- 
prepared UOeg: the 22-5 test, containing an 
as-assembled diametral clearance of 0.0038 cm 
and a helium atmosphere (14.7 psi assembly 
pressure) ; and the 22-15 experiment, containing 
an as-assembled diametral clearance of 0.0089 cm 
an atmosphere of 1 Kr +3 Xe gas (14.7 psi) and 
1.02 % enriched UO. The “effective” thermal 
conductivity of these experiments are plotted 
against central fuel temperature in fig. 7. Two 
reactor-cycle startups are plotted for the 22-5 
experiment. Here again the variation between 
the two startups is attributed to cracking of the 
fuel and shifting and relocation of the fuel 
particles. As in the (22-11) experiment with 
zero clearance, the second startup of the 22-5 
experiment indicated a lower conductivity than 
the first startup; however, the differences are 
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not large in the temperature range of the test. 
The lower conductivity of the second startup 
is reflected by an 80°C rise in the center 
temperature at full reactor power. The conduc- 
tivity results of the 22-5 experiment can be 
compared directly with the 22-4 experiment 
(0.0038 cm diametral clearance, helium atmos- 
phere and production UOz) plotted in fig. 3. 
The latter experiment which differed only in 
the type of fuel it contained, indicated steady- 
state conductivity at full reactor power (40 MW) 
of 0.035 watt/cm °C during its initial startup, 
whereas, the 22-5 experiment irradiated in the 
same reactor location indicated conductivity 
values of 0.042 watt/em °C during steady-state 
reactor operation. The 15 % difference between 
the results of these experiments cannot be ex- 
plained on the basis of fuel density since the 
average measured densities are 10.27 and 
10.31 g/cm for the 22—4 and 22-5 fuel, respec- 
tively. An examination of the UOz micro- 
structures indicate the two types of fuel to be 
about equal in grain-size and to differ only in 
the size and distribution of the porosity. The 
possibility exists, however, that the improved 
thermal performance of the laboratory UOz is 
related to the purity of the oxide when compared 
with commercially obtained oxide. 

The 22-15 experiment, the results of which 
are also plotted in fig. 7, was assembled with a 
diametral clearance of 0.0089 cm, an atmosphere 
of 1 Kr+3 Xe mixture at 14.7 psi pressure and 
laboratory prepared UOzg fuel pellets enriched 
to 1.02 % U5. These conductivity results can 
be compared with the 22-1 experiment which 
was prepared and reported by Eichenberg }). 
The latter experiment differed from all the other 
WAPD-22 experiments as previously described. 
The fuel used in the 22-1 test was natural MCW 
production UO2z powder, pressed and sintered, 
then resintered in the laboratory to a density 
of 93.5-94.5 94 theoretical. The laboratory 
_ prepared fuel used in experiment 22-15 had an 
average density of 96.3% theoretical. The 
measured “‘effective’” thermal conductivity of 
the experiments during full-power reactor opera- 
tion was 0.012 watt/em °C for the production 
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UOz and 0.022-0.026 watt/cm °C for the labor- 
atory UOz. Here again the difference in thermal 
performance cannot be accounted for by density 
alone, but is apparently related to the type of 
porosity and purity of the laboratory fuel. The 
increased conductivity in the 22-15 test at about 
650° C is probably related to cracking of the 
oxide due to thermal stresses and contact of the 
fuel with the sheath. 

In practical fuel elements the oxide is con- 
tained within a metal sheath, and the tempera- 
tures attained in the oxide are influenced by the 
conditions of heat transfer between the fuel and 
the metal sheath. One of these conditions, where 
the fuel is unbonded to the cladding and a gap 
exists upon assembly, is the temperature drop 
associated with the transfer of heat across the 
fuel-clad gap. The range of gap conductances 
calculated for the initial startups in ten experi- 
ments is plotted in fig. 8 as a function of the 
operating gap at temperature. The calculations 
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of the operating gap at each temperature were 
made by correcting for thermal expansion of 
the clad and fuel material by assuming that the 
fuel remains centered within the metal sheathing. 

The data in fig. 8 are calculated for initial 
reactor startups only to show how the con- 
ductance varies as the gap decreases, since 
cracking of the pellets after initial startups 
precludes estimation of operating gap in sub- 
sequent startups. Note in fig. 8, that the con- 
ductance values for the 22-7, 22-15, 22-1, 
22-14, 22-4 and 22-5 experiments increase as 
the gap decreases, reaching a maximum then 
falling off. During steady operation at full 
reactor power the values remain fairly constant 
at those lower values. The peaks are probably 
related to fuel cracking and relocation of the 
oxide. This behavior is not evident for the 
22-2 and 22-9 experiments which experienced 
thermocouple failures shortly after startup, and 
the 22-3 experiment which was irradiated in 
the low flux position A-28-NE and reached a 
maximum temperature of 400°C, well below 
the temperature at which fuel cracking would 
occur. In none of the experiments assembled 
with an initial gap did the fuel temperature rise 
high enough for the calculated operating gap 
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to become zero. The data presented in fig. 8 
indicate that for the conditions of this experi- 
ment, the assembly clearance would yield the 
same type of plot and hence is as valid a criterion 
in evaluating the thermal performance of these 
specimens as is the operating clearance. 


3.1.4. “Effective” Thermal Conductivity of Non- 


Stoichiometric UOe+z 


An interest in the behavior of non-stoichio- 
metric UO was engendered by the possibility 
of the existence of unintentional defects in oxide 
fuel elements operating in a water environment. 
It has been noted by the authors that no out- 
of-pile thermal conductivity data exists for 
non-stoichiometric UOz above 100°C. Kingery ®) 
reported measurements on UOe+7, UO2.09, and 
UO219 compositions for temperatures up to 
100° C. To investigate the effect of irradiation 
and increased O/U ratio on the thermal con- 
ductivity of non-stoichiometric UOz, the 22-6 
experiment was assembled with zero diametral 
clearance, Kr+3 Xe atmosphere (14.7 psi) and 
96.7 9% dense UOe15 fuel. The “effective” 
thermal conductivity results are plotted in fig. 9, 
together with the Kingery out-of-pile data, and 
indicate a smooth curve from 120° to 1140° C. 
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During steady reactor operation at full 40 MW 
power, the thermal conductivity remained con- 
stant at 0.0161 to 0.0173 watt/cm °C. The in-pile 
“effective” thermal conductivity data indicates 
good agreement with the out-of-pile intrinsic 
thermal conductivity of non-stoichiometric UOs. 


3.2. DISCUSSION OF RESULTS 


In the presentation of results, the present 
investigators assumed the applicability of the 
Kingery out-of-pile thermal conductivity data 
and utilized the information obtained to calcu- 
late fuel sheath contact conductances. In the 
22-11 experiment, in which the pellets were 
inserted with a shrink-fit, it was possible to 
estimate the pressures developed between fuel 
and sheath. The results obtained in several 
reactor startups (fig. 6) indicate, as anticipated, 
a marked dependence of contact conductance 
on pressure. The variation between the startups 
is attributed to cracking of the fuel and shifting 
and relocation of the fuel particles in successive 
startups. 


3.2.1. Oontact Conductance 


To relate these observations to theory, an 
expression derived by Cetinkale and Fishenden!6) 
in terms of dimensionless quantities for deter- 
mining the thermal conductance of two solid 
surfaces in contact as a function of surface 
finish, medium in which the surfaces are con- 
tained, contact pressure, etc., by calculation of 
the isotherms at the contacting points of the 
two solids, was utilized. Their expression is: 


BC 
+ ——__—_________ (3) 
ktan—[1/C V1—(1/U) —1] 


where the conductance number 


(3.1) 


in which wu is the thermal conductance per unit 
area, ky is the thermal conductivity of the 
medium in which the contacting surfaces are 
immersed, 6 is the mean distance between the 
surfaces, C’ is the constriction number, (3.4), 
B is the fluid thickness number (b=6/re) and 
k is the conductivity number (3.6). 
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If the assumption is made in (3) that k,, the 
thermal conductivity of the medium within the 
sheath, is zero, the equation may be written 


ia Cks 
~ re tan} ((1/C) —1) 
where kg, the equivalent conductivity of the two 
solids of conductivity k; and ke, is expressed by 


Lip gh 1 otk 
aoe G) 


C is related to measurable quantities by the 


expression 
Y 
‘ yz 


in which P is the pressure applied to the contact 
and M is the Meyer hardness (average resistance 
per unit area against indentation). The con- 
striction number C is also defined by the 
expression : 


(3.2) 


(3.3) 


(3.4) 


r As 
Hest Ae 
in which r and re are radii of contacting surface 
and total surface respectively, and A; and A¢ 
are the areas of solid and total contact surfaces, 
respectively. 

Calculations of (3.2) were made for the 
WAPD-22-11 experiment in which C was calcu- 
lated using (3.4), in which M, the Meyer 
Hardness, 150 kg/mm? at room temperature, 
was assumed to vary with temperature propor- 
tionately to the yield strength of 304 stainless 
steel. Calculations were also made assuming 
M=3-x_ yield strength as suggested by 
Wheeler 1”). For re, proportional in (3.5) to the 
total surface area in contact (or to half the 
distance between points of solid contact) it was 
necessary to assume a value of 150 uw to obtain 
agreement with the experimental results. The 
results of these calculations are plotted in fig. 10 
together with the experimental results previ- 
ously plotted in fig. 6. It is apparent by inspec- 
tion of (3.2) that qualitatively the theoretical 
relation agrees with the experimental observa- 
tions, since as the pressure P approaches the 
value of M, a sharp increase in u to very high 
values should be noted. Furthermore, the values 
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calculated using Meyer hardness show reason- 
able agreement with the experimentally derived 
results, at least at low contact pressures. 

It is postulated that a value of re of 150 u is 
applicable here, because of the fracturing of the 
oxide and the thermal distortion caused by the 
temperature gradients through the fuel particles. 
Such gross distortions would tend to increase 
the pressure at the contact points, but would 
lessen their number, thus decreasing the value 
of C (3.4). The sharp rise in conductance noted 
at average pressures far less than the value of 
M may thus result from decrease in the value 
of re as the applied pressure forces the fuel 
particles to conform to the sheath by cracking 
or deformation. 

Boeschoten and Van der Held 18) assumed a 
simpler form of (3) as follows: 


U = Ugas+ Us (4) 
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in which 
k 
U gas sa = (4. 1) 
and 


in which 7 is the number of conducting spots 
per cm?2. From the assumption that the average 
pressure on the contact spots for a contact 
load P is 0.6 M, n and r are related by the 
formula 

je 


= 4.3 
a 0.6 M (4.3) 
and combining eqs. (4.2) and (4.3) 
Pkg 
oy, (4.4) 


In their experiments the authors found that 
6 in (4.1) often had the value 15 y and 1, 
30 u. These investigators found that the size 
of the contact spots did not change with pressure, 
but rather that the number increased as given 
by (4.3). 

Wheeler 1”) measured contact conductance 
between cladding materials and UOsz as a func- 
tion of atmosphere and sheath metal. His results 
for experiments conducted in vacuum show a 
pronounced effect of hardness (or yield strength) 
of the softer member of the joint on solid-solid 
conductance as may be inferred from (3.4) 
and (4.4). The yield strength, about 1/3 the 
Meyer hardness, is used by Wheeler rather than 
the latter property. In agreement with the 
results of Boeschoten and Van der Held 38), 
Wheeler found that the average value of 6 (4.1) 
for a variety of surface roughness values to be 
about 14 uw. 

Other measurements of sheath to fuel thermal 
conductance have been restricted previously to 
metal-metal contact studies. For example, 
Skipper and Wootton 19) and Wheeler 1’) re- 
ported a marked increase in contact conduct- 
ance, by factors of 4-5 or more, if one of the 
contacting surfaces is oxidized. The temperature 
drops observed in the oxidized specimen are far 
greater than can be accounted for by conduction 
through the oxide at the interface and presum- 
ably are related to the inability of the surfaces 
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to deform to form solid contacts under the 
applied pressure when one of the surfaces is 
coated with oxide. 


3.2.2. Effects of Atmosphere 


The results of these investigators 17.18.19) 
predict a sensitivity to assembly clearance and 
gas atmosphere between fuel and sheath. Since, 
however, the thermal conductance at contacts 
is a sensitive function of pressure, an effect of 
contact resistance should be noted even beyond 
the point at which the gap is calculated to close 
by differential fuel-sheath thermal expansions. 
Furthermore, because of the sensitivity of con- 
tact conductance to hardness of the contacting 
materials, the mechanical properties of the 
sheathing material are important in determining 
interface temperature drops. The effects of con- 
duction through the gas atmosphere may be 
modified as the gas gap approaches the mean 
free path of the gas at its operating temper- 
ature. The modification introduced by such 
effects in the value of ky was discussed by 
Cetinkale and Fishenden in the following ex- 
pression: 


(3.6) 


and, neglecting radiation, k; is proportional to 


I 
1+constant ((1/A1) + (1/Ae2) —1) 


where A; and A2 are the thermal accommodation 
coefficients of the gases at the surfaces of solids 
1 and 2. It is apparent from this proportionality 
that very low thermal conductivity through the 
gas gap may obtain if the values of the thermal 
accommodation coefficients are small. 

The results of the eight experiments plotted 
in fig. 3 as 


Lo 
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showed, comparing the results of 22—2, 22-3 and 
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22-9 with initial vacuum, helium and Kr+3 Xe 
atmospheres, respectively (at 14.7 psi assembly 
pressure in the latter two experiments) and 
22-1 and 22-15 (fig. 7) with helium and Kr +3 Xe 
atmosphere respectively, that atmosphere within 
the cladding has no apparent effect on “‘effective”’ 
thermal conductivity. 

This latter finding is indeed a surprising result, 
since the contact conductance investigations 
predict an appreciable affect of medium in 
which contact is made. It is postulated, as 
discussed above, that this insensitivity to gaseous 
medium results from low values of the thermal 
accommodation coefficients A; and A» of the 
gases on either or both of the two solid surfaces. 
It can be shown that for gaps as small as 
0.0025 cm, the conductivity kp is reduced to 
one-tenth of its value at perfect accommodation 
if (1/A1+1/A2—1) has the value 0.02. 


3.2.3. Hffects of Contact Pressure 


Application of the Cetinkale and Fishenden 
equation as modified by neglecting gas conduc- 
tion (3.2) predicts that, as contact pressure 
decreases to zero, contact conductance also 
decreases to zero. In all of the cases with an 
initial assembly gap in fig. 3, it can be shown 
that expansion of the UOgz will be insufficient 
to cause contact with the cladding; yet a finite 
conductance is found even at the largest radial 
gap sizes investigated (0.0165 cm). It is probable 
that contact of the fuel with cladding occurs in 
all these cases through cambering and thermal 
distortion of the fuel pellets and, at appropriate 
heat ratings, through cracking of the fuel. In 
fact, the apparent increase in conductivity noted 
in figs. 3 and 7 at central fuel temperatures of 
600—700° C in case of the 22—7 (1st startup) and 
22-15 experiments is not inconsistent with 
cracking of the fuel induced by thermal gradient 
strains, thus permitting relocation and better 
contact of the fuel particles with the sheathing. 
The improvement of conductivity of the 22-7 
experiment (fig. 3) upon the second startup may, 
in particular, be cited as evidence of such im- 
proved fuel relocation after the fuel cracked 
during the first reactor startup. 
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EXPERIMENTAL RESULTS RELATED TO 
THERMAL BEHAVIOR OF SINTERED HIGH 
DENSITY UOg FUEL ELEMENTS 


3.3. 


A number of experiments have been reported 
in which sintered high density UO: fuel pellets 
have been exposed in-pile in claddings of various 
metals at heat flux ratings such that structural 
changes consisting of grain growth or melting 
of the oxide have occurred. Such observations 
are reported in references 1, 20, 21, 22, 23, and 
24. From knowledge of the heat output and 
dimensions of the fuel element and the radial 
position at which the structural change occurs, 
it is possible to relate the structural change to 


kdt (where 


T's. 
a value of the parameter jfee 


s 


Ts.c. is the temperature at which structural 
changes occur and 7’; the surface temperature 
of the fuel), or, of more value to the prediction 
of fuel element performance, if the value of 
Ts.c. is known from other experiments, to draw 
inferences concerning the thermal behavior of 
oxide fuel elements. Such procedures were first 
employed by Kisiel 23). The nature of the struc- 
tural changes which are observed are illustrated 
and discussed by Eichenberg et al. 1). 

If it is assumed that radiation exposure has 
little effect on the rate of grain growth of 
sintered UO: at elevated temperatures, measure- 
ment of the grain sizes attained after irradiation 
should furnish a measure of the temperatures 
attained at any location if the kinetics of grain 
growth were known as a function of temperature. 
Unfortunately, only few systematic measure- 
ments of this phenomenon have been reported. 
Various experimenters have selected widely 
different values of temperature at which grain 
growth begins to occur in specimens examined 
after irradiation. Kisiel 28) and Kichenberg et al.1) 
selected 1700° C as the temperature at which 
grain growth is observed microscopically in 
specimens prepared from MCW oxide powder 
pre-sintered for 8 hours at 1675—1750° C. 
Robertson et al. 2!) utilized a value of 1500° C 
for the temperature at which grain growth 
(estimated to reach a grain diameter of 20 w) 
is observed on macro-examination. Itis apparent 


COHEN, B. LUSTMAN AND J. D. EICHENBERG 


from the work of the former investigators that 
the temperature of grain growth, 7'g.g., is a 
function of exposure time and the experimental 
method whereby grain growth is detected as 
well as of temperature alone. The type of oxide 
and its preirradiation sintering history will also 
influence grain growth. 

The genesis of columnar grain structures 
(noted in the cross-sections of fuel rod specimens 
irradiated at high heat fluxes) has been the 
subject of considerable controversy (see 1-20,21,23), 
Kisiel 23) and Kichenberg e¢ al.1) have inter- 
preted these structures as denoting the existence 
of a molten core during irradiation, which upon 
solidification forms a typical solidification 
pattern, the oxide cooling from the outer rim 
to the center. With this interpretation, the 
location at which columnar grain growth is 
observedisascribed a temperature7'¢. ¢,=2750°C. 
Other investigators 29.21) have disputed this 
interpretation on the basis that other phenomena 
occurring in the solid state and hence at tempera- 
tures well below the melting point of 2750° C may 
cause directional grain growth. It appears 
possible that the temperature at which columnar 
grain growth (7'c.g.) is observed even in high 
density pellets, 7'c¢.¢., may be several hundred 
degrees below the melting point of the oxide, 
and a minimum value 7'o.¢.=1800° C may be 
applicable. 

Observing the precautions detailed above 
concerning interpretation of the structural 
changes, there are tabulated in table 2 a number 
of observations relating to structural changes 
noted in the exposure of cylindrical UOe fuel 
rods. The irradiations encompass metallic clad- 
dings of Zircaloy-2, aluminium and stainless 
steel, atmospheres within the sheath of helium, 
argon and H20, and relatively wide variations 
of initial pellet-sheath clearances and _ pellet 
diameters. Using the method of Kisiel 23), the 
temperature of the pellet surfaces 7's are calcu- 
lated from radial location of grain growth 
assuming 7's ¢.=1500° C and 1700°C and as- 
suming applicability of either the Kingery 2:3), . 
Scott 5), or Hedge and Fieldhouse 4) thermal 
conductivity extrapolated values. In these cases 
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in which columnar grain growth or melting are 
reported, 7'¢.g, is taken to be 2750° C or 1800° C. 
For most of the cases, the operating gap is 
calculated from the following derived 2!) equa- 
tion: 


(g—a@)r=(9—@)a—« UO? - | 


. (7 ashes -7.) ae (ea -1.) \ (5) 


2 2 


in which (g—a)r is the gap existing at tempera- 
ture and (g—a), that at assembly; Ta, 7's, T'c, 
Tm, T;, are the assembly, fuel surface, fuel center, 
outer sheath, and inner sheath temperatures, 
respectively; and « UOzg and as the thermal 
expansion coefficients of UO, and sheathing 
material respectively. The operating gap is listed 
as the last entry in the table. Note that for all 
the specimens listed in the table, no gap between 
fuel and cladding is calculated to exist at 
operating temperatures. The temperature of the 
inner clad surface, 7'j,.is calculated from the 
thermal conductivities of the sheathing mate- 
rials, the ambient coolant water temperature, 
and a sheath to water film coefficient assumed 
to have the constant value of 5.7 watt/cm? °C. 
Sheath-fuel gap conductances C are then calcu- 
lated from the pellet surface heat flux divided 
by (7s—T;). In all cases except the hydraulic 
rabbit tests 22), the irradiations reported were 
of relatively long duration with the oxide 
accumulating burnups up to 1.55 x 1029 fis- 
sions/cc. 

It may first be noted from this table that for 
allassumptions of oxide conductivity or assumed 
values of Ts.¢ and Tog. a finite interface 
temperature drop is observed, whereas no gap 
is calculated to exist between pellet surface and 
cladding. Furthermore, the interface conduct- 
ances appear to be independent of whether the 
atmosphere within the sheath is helium or argon, 
even though the conductivity of the former is 
ten times the latter. 

Concerning the applicability of the thermal 
conductivity values, the Hedge and Fieldhouse 
data 4) appear to be quite definitely incompatible 
with the assumption that 7',.¢,=1500° C and 
fail to explain the observations in certain cases 
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(CR-V-k, CR-V—m, G-1), even if 7'g.¢,=1700°C. 
No inferences can be drawn from these data 
alone on the applicability of the Kingery 
vis & vis the Scott measurements. The as- 
sumption that 7'g.¢,=1500° C in one case listed 
(CR-V-k, E-15) is irreconcilable with the 
measurements. In the case of the hydraulic 
rabbit tests 22) in which the in-pile exposure 
times were of the order of minutes, a value of 
T .¢.=2200° C is inferred from the grain size 
and temperature relationship for UOzg of Eichen- 
berg et al.1); as will be noted from the table, 
this value gives much better agreement between 
melting and grain growth observations than 
does assumption of a lower value for 7'g.¢. in 
these tests. 

In order to correlate the observations obtained 
from fuel rod samples of various diameters, it 
was found necessary to normalize the data by 
use of the ratio of the assembled diametral 
clearance to the pellet diameter. Such a nor- 
malization appears quite plausible since, for the 
same surface and central temperatures, the 
relative amounts by which initial gaps are 
closed by thermal expansion are proportional 
to this ratio. Therefore, in fig. 11, the thermal 
conductance values in table 2 calculated both 
from 7'g.¢,=1700° C, Te.¢g.=2750° C, and the 
Kingery values of UOz conductivity and also 
from T'g.¢.=1500° C, T'c.g.=1800° C are plotted 
as a function of the ratio of assembled diametral 
clearance to the pellet diameter. These values 
are seen to rise precipitously as the ratio 
decreases below 0.003 in the former case and 
0.004 in the latter and to fall to a constant value 
of about 0.18 W/cm? °C and 0.46 W/cm? °C, 
respectively, as the ratio exceeds 0.01. Further- 
more, the gap conductance values, to within 
the limits of accuracy of the data, are seen to 
be independent of atmosphere (argon or helium). 
Itis apparent that each set of assumptions con- 
cerning the temperature for structural change 
fit the data equally well and no choice of 
conductance values is possible from these data 
alone. 

Plotted in fig. 12 are the results reported by 
Bain and Robertson 22) from hydraulic rabbit 
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Fig. 11. Effect of clearance on gap conductance. 
tests in which stainless steel sheathed fuel ele- 
ment samples were exposed in-pile for short time 
periods in low-temperature water. While the 
same trends of decreasing thermal conductance 
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with increasing fuel-clad gap are noted as in the 
loop test specimens, the former are observed 
to yield higher conductance values; the rabbit 
data are observed to be in much better agree- 
ment with assumption of lower temperatures 
for the structural changes than with the postu- 
late of the higher temperatures. 

Included in table 2 and plotted in fig. 12 are 
some observations on fuel element samples 
operated in hot water loops with 0.013 cm 
intentional defects in the Zircaloy-2 sheaths. 
The values of gap thermal conductance derived 
from these data lie appreciably below those 
obtained from fuel rods operated with rare gas 
atmospheres. The gap thermal conductance may 
be reduced by the substitution of poorly con- 
ducting steam for helium in the fuel-clad gap; 
however, this possibility is discounted since, as 
shown in fig. 11, use of argon with even a poorer 
thermal conductivity than steam has an inap- 
preciable effect on thermal conductance as 
compared with helium-filled samples. It may 
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Effect of clearance on GAP conductance. 
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also be postulated that oxidation of the UOsz 
occurs as a result of exposure to steam, neces- 
sitating use of the thermal conductivities shown 
in fig. 9; this is considered unlikely in view of 
the failures to observe microscopic evidence of 
oxidation in UOz fuel exposed to steam during 
irradiation 1). It is hypothesized more reason- 
ably that the poor gap thermal conduction can 
be accounted for by oxidation of the interior 
of the sheath by reaction of the cladding metal 
with steam or water during pre-irradiation 
testing or during operation. As shown by Skipper 
and Wootton 19) and Wheeler 1’), oxidation of 
contacting metal surfaces reduces thermal con- 
ductance by factors of 4 to 5. 


CoMPARISON OF WAPD-22 RESULTS WITH 
FUEL ELEMENT OBSERVATIONS 


3.4. 


The question may well be raised that the 
results presented by the authors, plotted in 
figs. 3 and 7, are peculiar to the experimental 
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conditions employed in that thermal expansion 
was insufficient to close the fuel-clad gap, 
whereas in fuel elements of high thermal rating 
such assembly clearances are in general closed 
when the fuel element reaches its designed 
operating conditions. Thus, it is necessary to 
compare the results of figs. 3 and 7 with those 
plotted in figs. 11 and 12 and tabulated in 
table 2; in the latter case it will be remembered 
that all the fuel element samples listed operated 
with no gap calculated to exist between fuel 
and clad. To make this comparison, the results 
plotted in fig. 8 are compared with those derived 
in fig. 11 and are plotted in fig. 13. In fig. 13, 
the range of contact conductances calculated 
for the experiments noted in figs. 3 and 7 is 
plotted as a function of ratio of assembled 
diametral clearance to the pellet diameter. To 
make the comparison at experimental conditions 
approximating those attained in the loop tests, 
there is marked on each curve the value of 
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Fig. 13. 


Comparison of contact conductance calculated from WAPD-—22 experiment with observations 


from fuel element samples. 


BY) ile 


contact conductance at an inner wall tempera- 
ture of 300°C. Superimposed on these data 
points are the curves of fig. 11 used to correlate 
the data from undefected loop test specimens. 
The agreement between the data of the authors 
and those of figs. 11 and 13 assuming 7’g.¢.= 
1700° C, Tc.g.=2750° C is noted to be quite 
satisfactory. Thus these data seem to reinforce 
the conclusions of figs. 11 and 12 that the 
assembly clearance rather than the operating 
clearance is important in determining thermal 
performance and lend validity to the use of the 
bottom curve in fig. 13 to predict fuel element 
performance. 


4, Summary and Conclusions 


Experimental measurements of the factors 
affecting oxide fuel element performance have 
made it possible to explain their thermal 
behavoir on the basis of out-of-pile data without 
involving experimentally unconfirmed irradia- 
tion phenomena. Such measurements have 
revealed the importance of contact conductance 
in determining thermal performance and have 
yielded an empirical relationship shown as the 
bottom curve in fig. 13 between this quantity, 
assembly clearance and pellet diameter which 
is shown to agree closely with the relationship 
derived from post-irradiation observations ‘di- 
rectly on fuel element samples. Most surprising 
has been the observation that conductance 
between oxide and sheath in fuel element 
samples is insensitive to the gas medium within 
the sheath, thus making it unnecessary to 
fabricate high density sintered oxide fuel 
elements with a high conductivity gas bond 
between clad and fuel or to assume deterioration 
of performance due to changes in gas composi- 
tion with fuel element life. The measurements 
of contact conductance have been shown to 
agree at least qualitatively with the predictions 
of the Cetinkale-Fishenden theory; further ex- 
perimental and theoretical investigation of the 
manner of heat transfer between metal and 
oxide surfaces is needed. The possibility has 
been shown to exist of increasing the thermal 
conductivity of UO, and thus the efficiency of 
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power reactors by the use of a purified oxide. 
The thermal conductivity of UOz has further 
been shown to be unaffected by irradiation at 
least at temperatures above 500° C to a burnup 
of 4x10!9 fissions/ec. The measurements of 
thermal conductivity of non-stoichiometric 
UOs.15 have been extended to temperatures of 
1100°C; the reduced thermal performance 
capabilities of oxide fuel elements with the fuel 
exposed to water during irradiation has been 
attributed to oxidation of the interior of the 
cladding. 
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Single crystals of «-uranium undergo distor- 
tion without appreciable volume change when 
irradiated with thermal neutrons. The magni- 
tude of the effect is such that in natural uranium 
an irradiation in the vicinity of 200° C produces 
a strain of +4x10-% in the [010] crystal 
direction, —4 x 10-3 in the [100] direction and 
no change in the [001] direction, per 1018 thermal 
neutrons/cm?!). Subsequent heating at tempera- 
tures above that of irradiation does not produce 
any recovery of this strain. 

Existing theories of the phenomenon all agree 
that it is associated with the fission event and 
may broadly be divided into four classes; those 
which attribute it solely to anisotropic migration 
of point defects (e.g. Seigle and Opinsky 2)), 
those which propose that the processes of atomic 
displacement are dissimilar in different crystal 
directions and explain anisotropic defect accu- 
mulation by this means (e.g. Gonser 3)), those 
which ascribe the effect to irreversible defor- 
mation produced by stresses in the heated region 
surrounding the fission track (e.g. Pugh 4)) and 
those which relate anisotropic condensation of 
point defects to these local thermal stresses 
(e.g. Buckley 5)). 

Theoretical estimates of the number of point 
defects produced by a fission event suggest a 
value of 25000 (Seitz ®)) although it is now 
generally accepted that this is too large by 
roughly an order of magnitude 7). If Gy is the 
strain produced per unit concentration of point 
defects due to neutron irradiation, and if 25 000 
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is taken as the upper limit to the number of 
point defects per fission, a lower limit to Gy 
is 0.7x 10-2, a realistic value being of the 
order 10-1. If the first two classes of theory 
were correct then Gy, should not be affected if 
the point defects were produced by atomic 
displacement in some other way than by fission, 
and neither should recovery occur during post- 
irradiation annealing. 

With this in mind, an experiment was per- 
formed to measure the growth effect during 
irradiation with 3 MeV protons, such particles 
being incapable of inducing fission. A diagram 
of the experiment is shown in the figure. The 
proton beam from a Van de Graaff accelerator 
passed through a strip of «-uranium foil 2 mm 
wide and 0.02 mm thick. This foil was prepared 
with a preferred grain orientation such that the 
[010] growth axis was along its length. The 
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Diagram of the experiment. 
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degree of orientation can be judged from the 
fact that identical foils increased in length by 
a strain of 2.5 x 10-3 for 1018 thermal neutron/cm? 
at 80°C. In order to prevent corrosion of its 
surface, the strip was electropolished and then 
immediately coated with a few hundred A’s 
thickness of aluminium by vacuum evaporation. 

The proton beam current was roughly 3 wamp, 
and in passing through the foil the protons’ 
energy changed from 2.5 MeV to 0.3 MeV as 
determined from their range in air. The cross 
section for a Rutherford collision between a 
proton and a uranium nucleus is inversely 
proportional to proton energy whereas the mean 
energy of the recoiling nucleus depends logarith- 
mically on proton energy. Since this mean 
energy is relatively insensitive to proton energy, 
the recoils at the back of the foil each produce 
roughly the same number of point defects as 
those at the front. The density of point defect 
production thus depends approximately in- 
versely on proton energy, and we therefore 
expect a ratio of about 10 between densities on 
opposite sides of the foil. If these defects produce 
growth, then a bending of the foil must occur 
in a direction towards the incident proton beam. 
This was detected by the deflection of a light 
beam reflected from a mirror attached to the 
free end of the strip. 

During irradiation, a stream of air issuing from 
symmetrical slits in the side of its clamp was 
used to cool the specimen. Its temperature was 
determined by subsidiary experiments in which 
a similar foil was coated on its rear side with a 
thermal indicator paint, whose colour changes 
on heating enabled the temperature to be 
estimated to within + 20° C. The proton energy 
and beam current were adjusted so that although 
the beam did not penetrate the foil sufficiently 
to irradiate the paint, the power input was 
identical with that in the main experiment. 
Under these conditions no colour change was 
observed, implying that the temperature was 
below 150° C. When the cooling air was switched 
off, the paint indicated a temperature of 200° C. 
It was also found that when the proton beam 
was switched on, an instantaneous deflection 
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occurred which disappeared when the beam was 
switched off again. This was attributed to 
thermally induced strains in the sample and 
provided a means of determining the irradiation 
temperature more exactly. With the cooling 
air off (and a known sample temperature of 
200° C) the deflection was three times that with 
the cooling air on. The irradiation temperature 
was hence deduced as 4(200-20)+20=80°C 
(+20° C). 

The sensitivity of the method was such that 
a deflection of the light spot by 1 mm at 1 metre 
corresponded to a differential strain of 10-5 
across the strip. After a dose of 2 x 101? protons/ 
cm? the observed differential strain was approxi- 
mately 2x 10-4. This figure was the maximum 
observed and was not well reproduced from 
sample to sample. This possibly reflects local 
inhomogenities of grain orientation in the foil 
as the proton beam only irradiated a 2 mm 
length of the strip. The experiment does 
establish, however, the order of magnitude of 
the growth effect and gives the strain G'p per unit 
concentration of point defects due to protons: 
Gy ~ 10-8. The defect concentration was calcu- 
lated by the method of Kinchin and Pease 8) 
with a displacement threshold of 25 eV. 

Immediately after irradiation, with the foil 
at 20°C, a slow diminution of strain was 
observed, approximating to an exponential 
decay of 30 % of the initial strain with a time 
constant of 20 sec. A further 30 % recovery 
was produced when the specimen was heated 
to 200° C for 24 min by switching the beam on 
without the cooling air. 

Since Gp is at least an order of magnitude 
smaller than Gy, it must be concluded that 
anisotropy of either point defect migration or 
displacement process cannot be responsible for 
radiation growth. The fact that the simple point 
defect growth, as produced by protons, appears 
fundamentally different from that accompanying 
fission is emphasised by the occurrence of 
thermally induced recovery in the former case f+. 


t Itshould be mentioned, however, that no reported 
attempt has been made to observe recovery of small 
neutron-induced strains of less than 10-3. 
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This recovery is probably due to migration of 
point defects under thermal activation. The 
first two classes of theory, referred to above, 
are therefore ruled out although the choice 
between third and fourth types must remain 
open for the present. 
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BOOK REVIEWS 


C. M. Nicuotzts (Ed.), Progress in Nuclear 
Energy: Series IV, Technology, Engineering and 
Safety. — Volume 3 (Pergamon Press, 1960, 
xx +448 pages, 105s.) 


Six of the fifteen articles in this volume are of 
direct concern to the metallurgist, and are all well 
written and reasonably comprehensive in their fields. 
Collier discusses the thermodynamic advantages of 
steam as a reactor coolant, and goes on to a discussion 
of the severe compatibility problems raised by this 
proposal. He looks forward to impending advances 
in the technology of zirconium and aluminium canning 
alloys to permit their use up to 500°C in steam. 
Antill and Murray review information on reaction 
rates between gas coolants (including contaminated 
gases) and uranium, uranium dioxide, beryllium and 
graphite. Ellington and Wyatt discuss, in mathe- 
matical terms, the magnitude of thermal stresses in 
fuel elements. This chapter incorporates the first 
published version of Anderson’s theoretical treatment 
of the “‘easy creep”’ of uranium under thermal cycling 
conditions. Livey et al. give a detailed account of 
the factors (especially calcining temperature and 
impurity additions) controlling the density of sintered 
and hot pressed beryllia compacts, with special 
reference to beryllia of British origin. Greenwood 
discusses the metallurgical properties and morphology 
of bismuth slurries and solutions. The special problems 
arising from the tendency of the particles in reactive 
slurries to grow, especially in thermal gradients, are 
treated in some detail. Simmons reviews recent work 
on stored energy in graphite; much of this is a review 
of matter published at Geneva in 1958 and at the 
1957 US/UK Graphite Conference, but some is of 
more recent date. 

A long section of the book is devoted to a very 
thorough review of facts and computational methods 
concerning criticality problems, for both uranium 
and plutonium systems. One chapter consists of a 
review of accidents caused by inadvertently exceeding 
criticality conditions; it makes hair-raising reading. 

R. W. CAHN 


P. Pascat (General Editor), Nowveaw Traité de 
Chimie Minerale. Tome XV, Uranium et Trans- 
uramens. — Fascicule I: Urantum (Ed. by 


R. CartuaT and J. Eston). (Masson et Cie., 
120 Bd. Saint-Germain, Paris 6, 1960) L+734 
pages, Paperback, 115 NF; cloth bound, 127 NF. 


The volume under review, which forms part of a 
large new series of chemical monographs, is without 
doubt the most comprehensive text on all aspects of 
the extraction and properties of metallic uranium that 
has yet been published. The editors point out that 
the special role of uranium in the atomic energy 
industry (which is set in perspective in a historical 
review by M. Salesse) justifies a departure from the 
normal limits to which a chemical treatise is expected 
to be restricted. The chemical compounds of uranium, 
and the transuranic elements, will be treated in a 
further ‘‘fascicule’’. However, the present volume 
incorporates a chapter on the chemical properties of 
uranium compounds in solution. 

Each chapter is prepared by an expert in the field. 
An unusual feature is that the terminal date up to 
which the author’s bibliographical search has been 
carried is quoted at the end of each chapter. These 
dates vary from late 1958 to mid-1959. The biblio- 
graphies are extensive and wide-ranging. 

A third of the book is devoted to the extraction of 
uranium from its ores, and the production of pure 
metal, alloys, uranium tetrafluoride, and of special 
requirements such as uranium single crystals. An 
account of physical and metallurgical properties of 
uranium is completed by comprehensive accounts of 
its corrosion behaviour and of metallographic methods 
for uranium. Another chapter discusses the irradiation 
behaviour of uranium and its alloys. 

So far as the reviewer can judge, the treatment in 
most places is thorough and the information presented 
up-to-date. Some topics could with advantage have 
received fuller or more orthodox treatment; for 
instance, the consequences of thermal cycling are dealt 
with too cursorily, and textures resulting from plastic 
deformation are presented in a form which is not easy 
to assimilate. Inevitably, some important recent 
information (e.g. on the mechanisms of swelling) could 
not be incorporated. Minor criticism, however, is of 
little importance in the face of such a massive and 
carefully organised collection of information about 
the metallurgy of uranium. It can be confidently 
recommended to librarians of universities and insti- 
tutions as an important text of reference. 

R. W. CAHN 
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G. E. Darwin et J. H. Buppgry, Berylliwm 
(Tome 7 de la collection: “Metallurgy of the 
Rarer Metals’’). (Butterworths Scientific Publi- 
cations, Londres, 1960) 392 pages, 70s. 

La parution récente du tome 7 consacré au béryllium, 
de la collection “Metallurgy of the Rarer Metals” 
était tout & fait opportune. Jusqu’alors, en effet, le 
seul ouvrage consacré au béryllium était une publi- 
cation de ’A.S.M. “‘The Metal Beryllium’, composé 
dune série d’articles groupés par themes: fabrication, 
propriétés, fragilité, ete. Ce volume fort important et 
d'un grand intérét scientifique avait paru en 1955, 
époque & laquelle le béryllium était surtout envisagé, 
dans l’énergie nucléaire, comme modérateur ou réflec- 
teur. Depuis, dans de récents projets américains, 
anglais, francais, on lemploie comme matériau de 
gaine d’élément combustible. Ceci suppose une exten- 
sion industrielle importante et qu’un nombre accru 
de chercheurs et de techniciens auront a connaitre, 
a étudier, & mettre en forme le béryllium. 

Il était done trés utile d’une part de réunir l’en- 
semble des données stires de la littérature dans un 
volume a présentation claire et d’utilisation aussi 
pratique que celle d’un “‘aide-mémoire”’ (handbook) 
et d’autre part de faire le poimt des travaux parus 
depuis cing ans (effectués souvent dans l’optique de 
Vutilisation comme matériau de gaine). 

L’ouvrage de G. E. Darwin et J. H. Buddery 
satisfait bien a ces deux exigences. 

1°) Dans leurs premiers chapitres consacrés a 
Pélaboration et & la mise en forme du béryllium métal 
et de oxyde, on ne retrouve rien de trés nouveau 
vis-a-vis de la publication de VA.S.M. Toutefois le 
plan est précis et la recherche d’un renseignement 
aisée. Signalons également le chapitre IX ow les 
auteurs ont rassemblé de fagon exhaustive et dans un 
ordre logique les diagrammes d’équilibre du béryllium 
avec d’autres métaux en indiquant rapidement les 
améliorations des propriétés mécaniques (ductilité 
a basse température et résistance au fluage) qui ont 
été éventuellement obtenues avec certains éléments 
dalliage. 

Le chapitre suivant fait la synthése des propriétés 
des alliages industriels ot le béryllium est en addition 
mineure (alliages de cuivre évidemment, mais aussi 
de Mg, Al, Ni et Fe). Signalons également l’intérét 
dune discussion (en appendice) & propos des diverses 
méthodes de dosage de l’oxygéne. Ceci est important 


car, d’une part, les résultats de dosage sont souvent 

controversés et, d’autre part, la teneur en oxygéne 

est un facteur important de la résistance mécanique 

a haute température et peut-étre de la fragilité a basse 

température. 

2°) Parmi les résultats nouveaux (par rapport a la 
publication de 1’A.S.M.) que les auteurs ont analysés, 
nous citerons surtout: 

— au chapitre V: une description trés raisonnée des 
textures de produits filés et en particulier de tubes 
(forme souvent adoptée pour une gaine d’élément 
combustible), et des données sur la résistance au 
fluage (jusqu’a 750°C) en fonction de quelques 
parameétres de fabrication. 

— au chapitre VIII: des indications sur la corroda- 
bilité par divers milieux gazeux (air, azote et 
surtout COz) et les compatibilités avec de nom- 
breux métaux solides et liquides. 

Enfin le chapitre XI consacré aux propriétés 
nucléaires, s'il reste classique dans son ensemble, 
contient un paragraphe faisant le point des plus 
récents résultats sur Virradiation du béryllium, le 
mécanisme du dommage qui en résulte et les consé- 
quences pratiques (fragilisation a basse température, 
gonflement a température élevée). 

Etant donné les nouveaux sujets que cet ouvrage 
traite, il est évident qu'il est dans certains chapitres 
moins étendu que la publication de ?A.S.M. C’est en 
particulier le cas d’un point important qui traite des 
recherches fondamentales sur la plasticité du béryllium. 
Il faut dire que la question a peu avancé depuis 1955, 
a exception de publications russes fixant les valeurs 
des contraintes critiques de cisaillement & tempéra- 
tures échelonnées. Dans leur chapitre VII les auteurs 
ont résumé de fagon bien systématique l’influence de 
facteurs tels que le corroyage (texture), la préparation 
des éprouvettes, la taille du grain et les traitements 
thermiques sur la fragilité & basse température. Pour 
une discussion plus approfondie des mécanismes, il 
vaut mieux, a notre avis, se reporter & la publication 
de VA.S.M. ou a des articles récents1). Ceci est 
également vrai pour ce qui concerne la métallographie 
du béryllium ou de ses alliages qui est assez succince- 
ment traitée. M. WEISZ 


1) “Some thoughts on the brittleness of beryllium” 
A. P. Green and J. Sawkill, Tube Investments Research 
Laboratory Report, n° 97. (Voir aussi J. Nucl. Mat. 3 
(1961) 101) 


ABSTRACTS FROM VOL. 3 No. 2, TRANSLATED INTO RUSSIAN 


3ABHCHMOCThb TIPOHHYUAEMOCTH. OT TJIOTHOCTH 
B MCCKYCTBEHHOU OKUNCH BEPHJIJINA 


O’ Helinb, Ix. C. Xeti A.B., JIupet JI. T. 


H3mepena NpoOHulaeMOCTb UCCKYCTBEHHOL OKUCH 
OepuaIUA, WIOTHOCTHIO OT 80 7095% TreopeTuueckon, 
TIO OTHOUWeHHIO K pasvIMUHbIM Yra3saM. bp 
BHIUMCEHbI KOIPUUMEHTHI WpOHHYaemocTu Bo u Ko 
M3 ypaBHenua HKapMana, upnuem mpoTekanne 
rasa uepe3 OKUCb OepHJIIMA CpaBHHBaJIOCb C 
TaKOBLIM 2Ke Yepe3s Tpadpur. 

3aBMCHMOCTh BA38KOH MpOHMWaeMOCTH OT IJI0- 
THOCTH 2KapOlpeccOBaAHHO OKUCH OepHJIJINA, OKa- 
sallach MOMOOHOH 3aBUCHMOCTH JIA WpeCCOBAaHHbIX 
MeTAJIJIMYCCKUX MOPOMIKOB, pe3sKO Mafaioulel 10 
HUYTOMHON BeNMYMHEI WIA MIOTHOCTH ~ 95% 
TeopeTnuecKon. 


laHHble AIS MOopucTocTH (4uCIO, pa3sMepbl 
MU3BUNUCTOCTh MOp) OLIN NOJyYeHbI U3 ypaBHeHHul 
mpoHunaemocru. B usyyeHHbIxX OOpa3slax ObIIA 
Hal eHbI WOpbI JMAaMeTPOM OKOJIO 1 MK, H3BUJIMCTHIC 
MW CpaBHUTeIbHO HeMHOroUNcMeHHbe. Jletaerca 
cpaBHeHne C rpasuTOM u OOCy2KMaeTCA CTpykKTypa 
nop B OKHCH OepHJJINsA. 

Hads10faeTca MMHUMYM Ha KPHBOK 3aBMCMMOCTH 
KoapPUNNHeHTAa WpoHumaemoctu (K) oT cpesHero 
qaBseHusc (fp) u jaeTcA aHamu3 ITOK KPMBOH HU 
WPyruX 9IKCHePUMeHTAJIbHDIX KPMBbIX, Tye XO 
KPHBbIX OOBACHAeTCH Ha OCHOBe paciipeseleHuA 
mop m0 pa3sMepam. 


CTPYKTYPHO-KPUCTAJIJIUYECKAH 38ABHCMUMOCTb HM3MEPEHHH TBEP]JIOCTU 
BEPHJIJIMA IPH MOMOIM MHTEHTOPA CO CJIABOM HATPY38KOU 


Xun H. A. uw Tixone HH. B. C. 


Vismepenue TBepsocTH OepuJuA Upu NMOMOLH 
BLaBIUBAaHHA UHFeHTOpa co ciuadok Harpy3Kol 
BaBMCHT B CHIbHOM CTeNneHH OT OPHeHTHPOBKU U 
MOBepXHOCTHOTO COCTOAHMA MeTajyia. Mexannue- 
cKas OOpaboTKa CO3qaeT Ha MOBepXHOCTH MOHO- U 
NOJIMKPUCTaIMYecKaro Oe€pHIIMA COM Cc TBEpZO- 
erp 300 JI.II.H. Yoanenue nopepxHocTHoro ciosi 
TomMmuHOK 0,008 fioiMa TpaBJeHveM BBIABIAeT 
JWIH MOHOKPUHCTala BaMeTHY!IO CTPYKTPHO-Kpuc- 
TAJIJIMYeCKYIO CBA3b Me@2KY TBEPMOCTbIO U OpueH- 
TupOoBKON: 230 JL.11.H. Ha WocKkocTu OCHOBaHHA UH 
70 J\.1l.H. Ha unocrax mMpu3Mbl. 

B 3aBMCHMOCTH OT YIvJla HMHJeHTOpa Cc NOBepx- 
HOCTbIO JWI JIMCTOB Cc TBepsOk cTpykKTypolk, 
TBepfocTb MeHsAeTcA oT 170 go 300 JI.II.H. Orn 


M3Me€HeCHHA MOLyT ObITb CBA3AHbI C Me€XAHU3MOM 
AKTHBHOH fepopMauwuu B MOHOKpHCTIIe HU Cc 
TOMMHMpylolueh OpHeHupOBKOL B sucTe. Takne 
zKe (PCEHOMECHEI, HO MeHee pe3skue, HadsTIOMAITCA B 
yimcTax Cc MeHee TBeEPAOH CTpyKTypol umn B 
TpyOax HW cmuTKax. Bo BCAKOM CIyuae MAKCHMAaJIb- 
HafAl TBEPAOCTbh COOTBeETCTByeT HanOOJIbuIeli KO- 
HUCHTPauuu OCHOBHBIX MIOCKocTeH. 

BpaujeHue aliMasHaro HHZeHTOpa B OCHOBHOL 
IJIOCKOCTH MOHOKDPHCTaIIa He BbI3bIBACT M3Me- 
He€HHA TBePMOCTH, HO B MOCKOCTAX MpH3MbI 
mepBaro HM BTOpOro NOpAAKa HMeeT MeCTO 3aMeTHOe 
H3MeHeHHe TBeEPJIOCTH, KOTOPOe MOIMKeT BaBUCeTb 
OT KPHCTaJIMYeCKOH CTPYKTYPbI OepHIIHSA. 


BJIAAHHE BRJIOUEHHHM HA PACTPECKHUBAHHE YPAHA 


Tieinuc Jl. M. u Maptrun Jin. B. 


MerammorpadugecKuM MeTOZOM W3yuaJIMCbh oOpa- 
30BaHve MW pasBUuTHe TpeliHH NO HallpsAsKeHHeM 
B a-ypaHe KOMMep¥eCKOH unCTOTHI. OOpa3z0Banne 
TPeIWUMH NOBHAMMOMY CBA3aHO C HaJIM4HeM BEHJIIO- 
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ueHHH; KpOMe TOTO MOJY-KOJIMYeECTBEHHbIM MeTO- 
HOM HCCIeLOBaIOCbh BJIMAHMe WpeBapuTesbHOrO 
oTnycka y-a3bl Ha pacieyzemeHve 9THX BKIIOUe- 
HHH MO pasMepam. 


JIOBABJIEHHE K DTIONY OKUMCJIEHUA YPAHA B BE3BOUHOUW YIJIEKUCJIOTE 
NPM BbICOKUX TABJIEHHVAX 


Tafiqacu 3K., Toyutiog M. JI., Katiar P. u Tappac P. 


OOpasubl ypaHa AjepHol YNCTOTHI Onlwmu, TWoce 
MexaHiuecKkol MONMPOBKU, NOABeprHyThl Up TeM- 
nepatypax or 100 yo 700°C yeficrBui0 OesBOqHOK 
YyrombHok KUCIOTH, TlaTebHO OUMIeHHO OT 
KUCIOpPOAa UM BOAAHHIX NapoB. OKNCceHue OOpa3slOB 


Hadm0MAaNO0ch OFHOBpeMeHHO TrpaBuMeTpuyecKH 
mpH moMomu TepMuyeckux BecoB dpoya HU 
MUKporpaduyecku. 


OnpenreneHbl C1eLYIOWMH JaHHble: 

1) Kpuppia yBemmuenusA Beca B 3ABMCHMOCTH OT 
BpeMeHM MMeIOT 3AMeTHYIO WMHelHyIO POpMy, HO 
B oOmacTu oT 550 no 700°C onM UMeIOT OFMH MIN 
HeCKOJIbKO TepesIOMOB UuTO OObHCHACTCA, WAC- 
THUHBIM OOpa3s0M, yBemuueHueM Beca OOpasiia BO 
BpeMA OKUCIICHHA. 

Ho uaiiqeHubie yBeIMYeHHA BeCa 3HAaUMTebHO 
cmea6ee Tex, KOTOpbIe ObINH ONYyONMKOBAHEI B 
mlocwexHee BPeCMHA UTO CIeyeT MpHNMcaTh, 10 BCeM 
BepOATHUAM, K OoOee BbICOKOM UuCTOTe yioTpe- 
ONAeMOK Oe38BOTHON YIIeKUCIOTHI. 


2) B oonactu or 200 yo 400°C HabmogaeTca 
oOpasz0BaHHe, Ha CIJIOMWHON, OWeHb TOHKOH OKCH- 
THOM WIeHKe, 3apOTbiveh OKUCIa MpHOIM3UTeIbHO 
KpyrooOpasHbIX HM 3HavHTebHO Ooee TOJCTHIX 
ueM CaMa IWwieHKa. OTH BapompuUu oT 400 qo 500°C 
mpeoOpa3sylorcsh B HacTOAMMe MYCTYJIbI, KOTOpPBIe 
HAXOJATCA IPCMMYUIECTBEHHO Ha WapalinHax NOJM- 
pOBKH M Ha HeKOTOPHIX OOaBKax, BePpOATHO, 
KapOnupax. 

3) Ilo coceyeTBy © WycTyJlaMM MeTaJIJI MOTBep- 
raeTCA 3HaAUHMTeJIbHOM Wacruyueckoh TedopMalun, 
KOTOpad COMNPOBORKTAeTCA pacTpeCKUBAHHeM TOH- 
KOH OKCHTHO MWIeHKH. 

4) IIpu Tremmepatypax oKucmeHua Bele 600°C 
NYCTYJbI CHIbHO YMeCHbUWAIOTCA, HO NOABIAeETCA 
obmada FepopMaluaA OOpasiia, KOTOpad 3HadUTeIbHO 
YBCIHUUMBACTCA BbI3ZbIBAH CHJIbHOe pacTpeCKHBa- 
Hue IVJICHKU. 


BbICOKOTEMIIEPATYPHOE OKUCJIEHHME BEPYJIJIMVA 
3-A WacTb 
OKMCIEH UWE B YIJIEKHCJIOM TA8E, B OKNMCH YIJIEPOJIA HW 
B CMECHM CO + COeg 


Tporr C. x. Tioccet P. 


M3yuanach KMHeETUKA OKNCICHUA XIOMNbEBULHOTO 
QIeCKTPONMTUGECKOTO OepuIIMA B OKUCH yrmeposa, 
B yreKHCIOM raze WH B cmMech CO + COg, B 
TemmepaTypHOM uHTepBase 500—750°L]. B yraex- 
MCJIOM ra3e Ip TemMmepatypax Zo 700°I, ckopocrs 
OKUCICHUA MOCTOAHHO yYMeHbilasach CO BpeMeHeM 
M JOCTUTasia OYeHb MAJION BeIMUNHEI (pu 700°T, 
mocie BbI_epsxKKH B 300 4acoB, OkKNCIANOCh 0,13 
MKr/cmM2/uac), Torga Kak upu 750°I, cKopocrb 
cHayuala YMeHbilalach, a 3aTeM HauvHHaya ype- 
JIMYUBATCAH YKA3bIBAA Ha CYyIeCTBOBAHHe- TOUKH 
nepexona. Ecsm 3acraBuTb jlelicTBOBaTb yIJIeK- 


disk. u Jisxencon B. B. 


ucmbi ras Ha s3apaHee pa3s0rpeTHH oOpaselr, 
OKMCIeHve PasBUBaeTCA IO HauaJly OUeHb OBICTPO 
uM OONMbUIAA YaCTbh yrvlepoOwa BbILeIAeTCA B Haua- 
JIbHOH cTagzun. B oKucH yrmepoya, OKUCMeHHe He 
MMeeT 3allMTHOrO eHcTBUA Mpu TemMmepaTrypax 
cBbllle 550°]; ckopocTb OKUCIeCHHA BOOOMIe TOBOPA 
ropa3q0O BbIMe B ITOM CJITyuae, YEM B YIJICEKHCJIOM 
raze. 

Ecam HarpeBaTh Oepuaini mo 650°, B cmecu 
OKHCH yrulepowqa WM yruaeKucIOrO rasa, HMeroule 
HO 7,0% OKMCH yrulepowa, KUNeTHKa peakuun 
Taka Ke, KaK HM B CIyuae yraeKMCIOLO rasa. 


BbICOKOTEMITEPATYPHOE OKHMCJIEHHE BEPHJIJIMVA. uacrs 1Y 


OJunbMap, Uperr u JisnKencou 


M3yyaercA KUHeTHKA OKUCIICHUA XJOMbeBUAHOTLO, 
QIeKTPOJMTHYeCKOTO § OepusIMA B aTMOCcHepe 
BOAAHOrO Napa (1,2 cm jaBseHuaA) MU BMAaKHOrO 
KUCIOpora (OOmee FaBeHue: 10 cM; MapiwamrbHoe 
WapseHue mapa: 1,2 cM), B TemMmepaTypHoM 
MuHTepBasre 500—750°I]; upu stom He Hadsm10j;Jao0cb 
cCylecTBeHHOH pa3sHUNbI B OKMCIeCHHH 2THMU 
AByMH Yrasamu. Iipu tTemuepatypax jo 600°] 
BHJNOUNTeIbHO, OKMCIeHMe UMeeT TOT 3Ke XO 
uTO UM WIA CyxXOro KUCIOpOsa, Mpu4eM CKOPOCTB 
MOHOTOHHO yObIBaeT CO BPeMeHeM OCTUHTAaAA OUCHb 
MaJIbIX BelMYMH ocie 100 uacop oKncneHua. 
IIpu 650°I, uw cppue, okucneHue He ABIAeTCH 


OOMbINe 3alMTHbIM MH IpOMCXOAUT pacTpecKuBaHue, 
pu 9TOM IpHOaBKU B BeCe MW MpOMe?KYTOK BpeMe- 
HH TO MOMeCHTa NOABJICHUA TPelIMH, YMeHbIUIAIOTCA 
c yBelmyeHHeM Temmepatypp. Merannorpaduye- 
cKoe WCcIeqOBaHve YCTHYHO OKHCICHHbIX OOpa3- 
WOB TOKasbiBaeT YTO pPeaKWUA OKMCIeCHMA TOCIe 
pacTpeCKUBaAHHA pasBUBaeTCA B BULLE KOPpO3sHu MO 
rpaHulaM 3epeH, CO3qaBas CMeWIAHHYIO pemerKy 
M3 OKMCIa WM MeTada. IloKa3saHO uTO BAMAHHe 
Ipe{BapUTebHOTO COA OKMCIA MOUWyYeHHOTO B 
CyXOM KMcIOpoye, 3afepxkuBaeT, HO He Tpens- 
TCTByeT pacTpeCKHBaHUW IIpu albHeliweli oOpa- 
OOTKe BOAAHBIM 1apoM. 


UCCJIETJOBAHUA TO ATMOC®EPHOM KOPPO3HH HEKOTOPBIX 
CHJIABOB JLEJIBTA-®ASHI NJIYTOHUA 


Ba6dep Ix. T., Onbcon B. M. u Py P. B. 


VUccneqopanocb OKMCIeHHe TelbTa-pa3sbl OuHa- 
PHBIX IWIYTOHHeEBEIX CHIaBOB cofepsKaljux HeOO- 
Jibiuve LOOaBKU AJIOMUHUA, WepuA, rapuuA, WHHKA 
M WupkonHua. CropocrH okncnenHua pu 75° I, 
ciaBOB B aTMOCHepe BIAKHOTO BOBLYXa OLIN BCe 
MeHbIUe CKOPOCTH OKUCJICHUA Oe€3NPHMeCHOLO IL1y- 
TOHHA B Tex xe ycuoBUuAx. JlomyueHHbIe pesy- 
IbTAaTh HAaXOATCA B OUCBUTHOM MpOTHBOpeynH C 
upocToh Teopvel BIMAHUA pacTBOPpeHHHIX MpHMe- 
cei HA CKOPOCTb OKMCICHHA, MpeqIOwKeHHOK 
Baruepom u Tayde. 

I[peniaraetca pasMepHadcd 3aBHCHMOCTb Il0 KOTO- 
pok allpHOpHO MO?KHO CYAUTb O CyljecTBOBaHHu 
TlepepblBa BO B8a4MOPaCTBOPHMOCTH OKMCHBIX 
a3 B TBep—LIxX pacTBOpax. JTa 3aKOHOMePHOCTb 
He BCera MOTa ObITh YCIHeWHO MCHOIb30BaHa 
WIA oupeseueHusa TOTO, Kakad MMeHHO OkUCHad 
dasa OyzeT OOpas0BbLIBATb OTICJIbHbIe CON. 

UntTepecHoO OTMe€THTb 4YTO B WHPKOHHeEBLIX MH 


rapHueBbIX ciylaBax ObWIM OOHapy?KeHbI BBIe- 
NeHHble dasbr ZrOe u HfOe B OKMCHOM culoe. 
BpyleseHue STUX OKHMCHDIX (az MOHET OBITS 
pefcka3saHo Ha OCHOBe BBIMeYNOMAHYTOH pa- 
3MepHoH s3aBucumocTu. IlpucyrcrBue B mpo- 
mykTax okuciIeHuA AleO3 4 ZnO — (a3, B KOTOpPBIX 
paccTOAHHe KUCJIOPOZ-MeTaJI MeHbUIe, He OBO 
qoKa3aHo. 

M3 TepMoquHAaMMUeCKUX COOOpasKeHUM CeLyerT, 
uto ZnO He, MO*KeT NOABIATECH’ B UpOmyKTax 
oKUCIeHUA. OOcy2KqaloTca HEKOTOpble OCOOHIe IpH- 
UHHBI B CHIIY KOTOpHIxX Ce2zO3 u Ale2O3 He MOTI 
OLIThb OOHAPYJKEHHI. 

O6cy2taloTcaA uccneqoBaHua BarHepa m0 OOpa- 
30BAHHMIO OMMHOUHEIX MW JBOMHbIX OKMCHBIX IWIe€HOK 
WM OKa3bIBaeTCH UYTO MOTO MpOWCxXO_UTb OoO- 
pasoBaHue, Kak HfO2 u ZrOg, Tak u AleO3 u Ce2QOsz. 
BuwuMoe. yMeHbIUeHve CKOPOCTH OKHCIICHHA MOMET 
OLITh OOBACHEHO Ha ZTOH OCHOBE. 


CBOKMCTBA TOJISYYUECTH CIIJIABA IWMHPKOHHH-BOJOPO]-YPAH 


Boxpoc Tx. C. 


OnpemeseHo BIUAHUe TeMNepaTypbl HM Hamps- 
WeHHA Ha MOM3yYeCTh MOCTOAHHOM CKOpOcTH 
cnlaBa IMpKOHMM-BOLOpoy-ypaH (aTOMHOe COOTHO- 
menue 1: 1:0,03) tna TemMnepaTyp B OOmacTu OT 
500 zo 600°C, uro BKIIOUaeT BBTEKTOHAHYIO TpaHc- 
dopmaunio. JleticrBue npus0:7KeHHaro HaNpAKeHUA 
(o) Ha CKOpocTs nomsy4ecTH (é) MOIKeT ObITh BLIPAarKe- 


Ha ypaBHeHuem é= Ko” cn=4,1 Hue TeMMepaTy pb 
TpaHchopMalun un = 4,7 no 4,9 BEime Temmepa- 
TYpbI TpaHchopMauuH. SHepruaA akTHBaluN OBI- 
ya 80000 kan/rp aToM Hue TemMlepaTypbi 
TpaHchopMauluH, Tora Kak 3HayveHuA OT 65 000 To 
73000 Kan/rp aToM HaOmIORamucb BBbIILMe TeMIre- 
paTyph TpaHchopmanun. 


MUKPOrPA®UYECKOE UCCJIETOBAHHE Mg—Zr B 0,6% HATPETATO 
B ATMOC®EPE BOJJOPOTA 


JIenour II., Hocgar 3K., Boreu 3H. u Xepeurenb JK. 


WsyueHa Upv MOMOUM oaIeKTpOoHMYueCKaro U 
ONTHYeECKarO MMKPOCKONOB CTpyKTypa ciiaBa 
Mg—Zr B 0,6% Harperaro B armocdepe Boxopoja. 
Dubpby3sua Bosopoya B ciimaB BbIsbIBAaeT O0pa30- 
BaHue M BHITeEIeHHe WIACTHHOK TuspuAAa UApKOHUA 
TeKkcaroHalbHOH cTpykKTypb. IlocneycrBua sToro 
BHIJeICHHA, B MeTAIIYprvueckKOM OTHOMeHHH, 
ABIAIOTCA DTBYX BUOB: 


1) BaoxupoBka rpaHul, 3epeH cmocoécTBylMmad 
CHJIbHO YIpO“WHeHHO MUKPOCTpyKType, Tak 
Kak oOOpasoBaHve THuaApHwa HeoOpaTuMo 4H 
CKOPOCTb CH KOANCCUCHUUU OUCH MeIeHHA. 

2) Yupowienue CTpyKTypbI Kora wacTHUb rHuy- 
puja FocTaTouHo MavJIbt. 

OT D9THX JByX deHOMeHOB, B CBABU Cc pacmpe- 
HeeHveM, UYHCIOM HM KONMUECTBOM BBITeIeHHA 
3aBMCAT MeTasypruyeckve mpaBusla HU yCIOBUA 
THI pupoBanus. 
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OBPABOBAHHE CIIVJIABOB I[MPKOH-IIJIVTOHHHK NO OBJIYYEHHEM 


Topax Jinx. A. Pyne I. B. 


YJIVYUWEHYE MEXAHHYECKHX CBOKMCTB HW COOTBETCTBYIOU[ME CTPYKTYPHBIE 
HU3MEHEHHA UMCTOLO JINTOLO BEPHJIJINA TEPMOOBPABOTKOM NPH TEMITEPATYPAX 
CBBIIME 700° If 


Myp A. 


MEPEKPUHCTAJIJIM3AUUA YPAHA IIPH XOJIOMHOM UIIM TOPAYEN KOBKE 


Cadato Jia. A. Hau P. B. 


TIOBEDEHHE PABOUNX CMECEHM JJIA CIEKAHUWA AJIIOMUHEA B IPHCYCTBUUK BOJbI 
BbICOKOM TEMIIEPATYPBbI HW NMPOLYKTOB TEJIEHHA 


IUnungznep T. YapmMauy I. Ponnur I. E. Mapu A. Tirommsiep ®. 


LETTERS TO THE EDITORS, VOL. 3 No. 2 


TEPMUUYECKOE BOCCTAHOBJIEHHE IAPAMETPA PEIETHH CJIABOOBJIY YEHHOLO UOe2 


Brox 3K. 


COBMECTHMOCTB BEPHJIJINAH WH OKHCH YPAHA 


Banton sA.. UaYocn Kavb..C: 


TEMIIEPATYPHAA 3ABHCHMOCTb HAIIPABJIEHHA CKOJIbKEHHA B TWIOCKOCTH 
(110) «YPAHA 


JInofim JI. T. JIaxom6 II. Kano J. u T-1%a Cumenesp 


NCCJIE TOBAHHE 38JIEKTPOHHOLO PACCEAHUA HA MOHO KPHCTAJIJIMUECKH 
CJOAX OKHMCH YPAHA, IPOMEHKYTOUHOLO COCTABA MEIKTY UOz HW Uso 
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